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ABSTRACT 
Applications of premixed turbulent combustion are common in the modem 
environment. The diversity of the applications spans turbulent flame propagation in 
explosions to combustion in an internal combustion engine. The research effort in the 
former is directed towards the improvement of plant safety and the latter to the 
reduction of harmful emissions. 
In this thesis key examples of the use of turbulent combustion in practical situations 
highlight the need for increased understanding within this field of combustion. Thus, 
this thesis presents a detailed laser diagnostic investigation into three fundamental 
areas within the study of premixed turbulent combustion. These are firstly ignition, 
flame kemal formation and laminar flame propagation; secondly the interaction of a 
propagating flame with a vortex; and finally flame interaction with solid obstacles. 
The first investigation involved the accurate recording of unrestricted flame 
propagation. Development of a high speed laser sheet flow visualisation technique 
provided the basis for recording ignition kemal development and flame propagation. 
The effects of mixture stoichiometry and chamber exit blockage were studied. Results 
provided an estimate of the unstretched laminar burning velocity. 
Initiating a flame within a premixed charge and allowing it to interact with solid 
blockages placed along the centre line of the combustion chamber replicates practical 
examples of turbulent combustion. The second area of the study provided 
quantification of flow field and flame front development during flame/vortex 
interactions. An application of particle image velocimetry, PIV, was employed to 
quantify the mixture flow field. A new development of the PIV technique, 
incorporating two individual systems analysing the exact same region allowed the 
temporal quantification of flame and flow. The results provided the basis for 
extraction of flame properties such as flame displacement speed and stretch. 
Correlations between flame displacement speed and stretch with the local radius of 
curvature were highlighted. 
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In the final study, the newly developed laser diagnostic techniques were applied to 
characterise the interaction between flame and multiple solid obstacles located along 
the chamber centreline. Increasing the number of blockages ahead of the flame caused 
an increase in the apparent turbulent nature of the flame. Results highlighted the 
increase in translational flame speed, with number of obstacles. Quantification of flow 
fields in the wake of the blockages demonstrated the formation of turbulent structures 
by vortex shedding from the obstacle sides. Application of the twin camera PIV 
diagnostic provided results for flame displacement speed in the wake of each obstacle. 
An increase in the calculated value of displacement speed was seen with increased 
obstacle number. Examples of flame stretch were shown that matched findings 
presented in the literature. 
iii 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
Applications of turbulent premixed combustion are common in the environment in 
which we live. Four key examples of the use of turbulent combustion in practical 
situations are presented in the proceeding text to highlight the need for increased 
understanding within this field of combustion. The diversity of the applications span 
the improvement of plant safety to the reduction of harmful emissions, with each vital 
in the development of modem society. 
In heavy plant environments such as an oil platform, oil refinery or chemical plant the 
risk of ignition of an accidental release of a flammable mixture is great. The 
consequences of the resulting explosion and overpressure generation are catastrophic. 
Examples of the disaster scene that results when such an event occurs have been seen 
too frequently in the past century. Explosions at the Nypro, Flixborough, UK site in 
1974 showed the devastating results of an explosion [!]. A Health and Safety 
Investigation, prior to the explosion taking place, into equipment at the site resulted in 
the removal of a chemical reactor. Originally the removed reactor was linked to two 
further reactors, one located either side, and thus was subsequently replaced by a 
bypass pipe installed between the two adjacent reactors. On the day of the explosion 
the newly installed bypass pipework failed. The failure was later concluded to be the 
direct result of a fire that started on a nearby section of pipe work. As a consequence 
of the rupture a large quantity of cyclohexane escaped into the surrounding 
atmosphere, subsequently mixing with the air to form a highly flammable mixture. 
The explosive cloud found an ignition source, which resulted in a massive explosion, 
causing widespread damage, initiation of numerous fires around the plant and 
eighteen fatalities. A similar example of the devastating effects of an explosion in a 
plant environment was witnessed with the incident at the Grangemouth BP oil 
1 
refinery [2]. A build up of high pressure gas in a low pressure separator was allowed, 
which subsequently exploded causing widespread damage. 
More recently in 1988, an explosion on the North Sea oil platform named Piper Alpha 
further highlighted the terrible effects of accidental explosions in plant environments. 
The oil platform was witness to a number of blasts that resulted in the loss of 167 
lives. Subsequent investigations of the tragedy by the Department of Energy [3] 
showed that the most probable cause of the initial explosion was the rupture of a 
pipeline in one of the platform modules. Contained within the module was equipment 
and infrastructure for the removal of compressed gas from the fresh oil. The release of 
a flammable gas cloud upon the pipe rupturing, resulted in a substantial explosion as 
the mixture found an ignition source. The initial blast then caused further ruptures in 
surrounding pipework that contained various other forms of hydrocarbon fuels at high 
pressure. It was later reported that the ignition of this accidental release of 
hydrocarbon fuels resulted in the catastrophic explosions and fires that destroyed the 
entire platform. 
In each example of an accidental release of flammable mixture the initiation of the 
gaseous cloud resulted in an explosion. Studies have shown that explosions typically 
involve accidental spillages of explosive substances resulting from either gasket 
failure or pipe rupture [ 4]. The substances released over time mix with the 
surrounding air and form a premixed flammable gaseous cloud. Generally the 
subsequent ignition of such a cloud mixture initiates an explosion that has the ability 
to propagate through the surrounding plant environment with catastrophic 
consequences. The severity of such explosions has been identified as a function of the 
following factors [5,6] 
• The properties of the leaked fuel 
• The degree of mixing between fuel and surrounding air 
• The ignition source 
• The nature and degree of confinement in the surrounding environment 
2 
The structure and degree of confinement in the surrounding environment has been 
shown to be a major reason for increased severity of explosions occurring in plant 
environments [7,8]. As the flame propagates the combustion products expand, 
pushing the unburnt gas ahead of the flame front. The flow of unburnt mixture then 
interacts with the equipment and buildings in the surrounding environment, 
generating turbulent flow. Coupling between the propagating flame and the generated 
turbulent structures enhances the burning rate of the flame through flame distortion 
effects. The production of a turbulent flame results in the rapid acceleration of the 
flame front, and increases in the generated overpressure [9]. 
Internal Combustion, IC, engines operate on the well known principle of converting 
chemical energy from the fuel into mechanical energy [I 0]. Over the last century the 
most common form of the IC engine, the reciprocating IC engine, has seen the 
development of either two or four stroke cycles for the production of power. In each 
case the ignition of the fueVair mixture contained within the engine's cylinder(s) is by 
either spark ignition, SI, or compression ignition, Cl, technique [11]. In general the 
most popular of all reciprocating IC engines is that of the 4 stroke SI variant [10]. 
Studies completed on 4 stroke SI engines have shown that the combustion that takes 
place within the cylinder plays a key role in the conversion of the fuel chemical 
energy to that of mechanical energy [12], depending on both the ignition timing and 
the fueVair mixture composition. The findings suggest that the composition of fuel 
and air is governed by the chosen mixture stoichiometry and the degree of mixing that 
has taken place. Ignition timing is in general controlled by the mechanical properties 
of the engines design. 
Early 4 stroke SI engines employed the use of carburettors to provide the correct 
fuel/air concentration into the cylinder. Working on the Venturi effect the fresh 
charge was passed through a constricting nozzle, generating a fine spray, which was 
then entrained into each cylinder [10]. As IC engine manufactures strived to produce 
more fuel efficient engines that could also meet newly introduced emission standards 
the employment of carburettors declined. The inability of the carburettor to keep the 
fuel-air ratio at the desired level for operation with exhaust catalysts resulted in the 
development of more precise method of fuel introduction [13]. Recently the use of 
fuel injection has taken over the task of introducing an accurate concentration of fuel 
3 
and air mixture to the engine. General systems, port injection, operated by injecting a 
controlled amount of fuel into entrained air flow prior to entering the cylinder. 
However, the latest form of mixture supply is the application of direct injection, 01, 
methods of introducing measured amounts of fuel directly into the cylinder [14]. The 
automotive industry has in recent years investigated the application of direct injection, 
termed Gasoline Direct Injection GOI for SI engines, as the way forward for 
decreasing fuel consumption. All the examples of 01 fuel systems for SI engines to 
date have operated with modified stratified charge engines. However, currently Lotus 
Engineering are working on a fully homogeneous GDI engine, that during initial test 
showed improvements in fuel economy of between 5%-10% [14]. 
As a company at the forefront of active combustion technology, Lotus Engineering 
outlined three key strategies necessary for the development of the re engine. The 
previously discussed GOI technique, together with Controlled Auto Ignition, eAr, 
and Homogeneous Charge Compression Ignition, HCer, are deemed to be the way 
forward for improving engine performance [14]. Development from GDI to controlled 
spark-less ignition either by CAI, where exhaust gas is reintroduced to the cylinder to 
aid in ignition, or HCCI, where the fresh charge reacts and burns volumetrically 
throughout the cylinder as it is compressed, is believed to be the next major step 
beyond high efficiency DI-SI and DI-CI 4 stroke engines [14,15]. 
In each case the flow structures generated during the introduction of the fresh charge 
play an important role in the characteristics of the flame propagation that occurs. The 
entrainment of air into the cylinder leads to the development of a complex fluid 
motion. The motion can be ordered air motion such as swirl, though turbulent motion 
is always present [11]. The development of the flame is then the result of a complex 
interaction between the turbulent flow field and chemical kinetics of the flame front 
development [16]. The fact that turbulence is always present in re engine in-cylinder 
combustion means that turbulent flame propagation always has a leading role in the 
explosions initiated. Similar to the larger scale application of turbulence and 
explosions as discussed previously in plant environments the turbulence in-cylinder 
has the effect of enhancing the burning of the fuel! air mixture. 
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The gas turbine, GT, engine is another form of an internal combustion engine. Here 
air is drawn into the inlet of the engine where it is compressed by a multistage 
compressor [17]. The high pressure air is then fed into a annular combustion chamber. 
In the chamber, fuel is injected into the entrained air where it atomises and 
subsequently mixes with the air before being burnt. The fresh fuel/air mixture is 
ignited by a flame that is stabilised by a recirculation zone generated as a result of the 
swirling motion of the entrained air. Upon completion of the combustion cycle, the 
burnt gases that are produced are forced out of the combustion chamber and through a 
gas turbine located at the rear of the engine. The high pressure and temperature of the 
burnt gas provides the energy to drive the inlet compressor and output mechanical 
energy [10]. The combustion that takes place within a GT engine involves the use of 
turbulent recirculating motion to mix the entrained high pressure air and injected fuel. 
The turbulent motion also then helps to enhance the burning of the fueVair mixture to 
provide stable continuous combustion. 
The use of turbulent structures to enhance the burning characteristics of a fueVair 
mixture can also be seen in applications of burner type appliances used in both 
domestic and industrial environments. In gas burners, gaseous fuels are burnt as either 
prernixed or diffusion flames generally for heating purposes. In most domestic and 
industrial applications gas burners are simple variants of the Bunsen burner providing 
an aerated flame. 
Four applications that incorporate the use of premixed turbulent combustion have 
been presented. In plant environments, turbulent combustion is involved in accidental 
explosions. In IC engines, both reciprocating and gas turbine, the use of turbulent 
combustion is fundamental in the production of mechanical motion. Turbulent 
combustion can also be used in the production of heat in domestic and industrial gas 
burners. Therefore, because of the requirements of each practical application there is 
an obvious need to understand the processes involved in turbulent combustion. This 
need for understanding is a research area of continued interest [18]. Recently the 
advancement of diagnostic tools available to researchers has led to an increased 
understanding of different aspects of turbulent combustion. However, there are still 
keys areas within the subject that are still not fully understood. There are, in the field 
of premixed turbulent combustion, areas that need further investigation and 
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development of existing ideas. Detailed investigations completed to increase the 
understanding can then be applied to each practical application described previously. 
Safety issues associated with gas explosions in plant environments such as the flame 
development and pressure rise have the ability to be minimised with increased 
knowledge of turbulent combustion. The understanding of how a flame interacts with 
turbulent structures generated when a flame and flow of unburnt gas interacts with 
obstacles in a confined environment can be enhanced by small scale investigations on 
simplistic geometries [ 19]. The results obtained by investigating simplistic small scale 
situations have the ability to then validate mathematical models that can be extended 
and developed to simulate more complex plant environments. The ability of a 
mathematical model to predict the flame propagation and subsequent pressure rise 
would be of great use in safe design of plant environments [20]. Developing a 
mathematical model that can correctly predict properties of flame propagation over a 
single obstacle has the ability to then be developed further and incorporated into a 
model that can predict the flame development over various equipment, aiding the 
consequence and risk assessment involved in the design and operation of a safe plant. 
Consumer desire for IC engines that offer the greatest efficiency in order to reduce 
running costs provides the need to further develop existing engine designs. The 
predicted decline in crude oil reservoirs that provide the basis for the fuel used in 
small scale engines also adds to the case to improve efficiency. Figure 1.1 shows the 
predicted world supply of resources for the 21 '1 century, clearly highlighting the 
decline in available oil stocks. Government legislation on the emissions produced by 
the use of IC engines also provides weighting to the need to further develop designs. 
The increase in popularity amongst the public for use of SI engines has led to a 
massive increase in the pollutants emitted into the atmosphere. Typical emissions 
from the use of SI engines that are of concern are unburnt hydrocarbons, oxides of 
nitrogen, and carbon monoxide. Each has its own impact on the environment, for 
example hydrocarbons are harmful to humans, affecting internal organs. 
Hydrocarbons together with oxides of nitrogen form ground level ozone, which is the 
primary component of smog [21]. Carbon monoxide is very dangerous, with human 
exposure to high levels being fatal. An example of the legislation introduced by 
governments to combat the effect of pollutants formed by the use of SI engines is 
6 
given in table 1.1 . The growing concern, and hence the increase in strictness on 
emissions can be seen, highlighting the need for development of the combustion 
process in all forms of IC engine 
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Figure 1.1 Estimates of2 151 century World energy suppl y of Crude oil , Natural Gas 
and Coal [22] 
Year CO HC NOx 
gkm-' gkm-' gkm-' 
EUROIII 2000 2.3 0.2 0.15 
EUROIV 2005 1.0 0.1 0.08 
Table 1.1 -European Passenger Car Emissions Legislation for Gasoline IC engines, 
taken from the European Ajr Quality Framework Directive and Daughter Directives, 
Directive 96/62/EC 
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The traditional development of IC engines involving a trial and error approach that 
has reached the end of its usability. The approach has become unsuitable for modern 
day engines and so there is a need for the interaction of practical and theoretical work 
(23]. Increasing fundamental knowledge on turbulent combustion is therefore of key 
impo rtance to the development of theoretical reasoning for SJ eng ine combustion 
(24]. Developing the understanding of turbulent combustion and then applying this 
knowledge to engine design has the ability to further improve the efficiency and 
emissions produced by IC engines. 
Similar to the need for turbulent combustion understanding in terms of parameters 
that affect reciprocating IC engines, the same areas need development for the use of 
GT engines and industrial burners. The major issues arising from GT engine design is 
that of efficiency and the emission of oxides of nitrogen. For the emissions the desire 
is to reduce flame temperature, yet still achieve complete combustion. Therefore a fu ll 
understanding of the nature of turbulent combustion is required to help understand 
and predict the nature of processes in GT engine combustors. For domestic and 
industrial burners there is also an obvious need to improve efficiency and reduce 
emissions. 
1.2 Contributions from this Work 
Initiating a flame in a premixed mix ture and then allowing it to propagate 
downstream, interacting w ith obstacles present in the combustion chamber resu lts in 
the development of a turbulent flame. The PhD work reported in this thesis presents a 
detailed investigations into flame propagation and interaction with different turbulent 
structures. The turbulence is generated by placing solid obstacles, single and multiple, 
in the path of a flame propagating through a premixed mixture of methane and air. 
Non-intrusive laser diagnostics were employed, studying variations in obstacle 
geometry for vortex generation and number for increased turbulence level to allow the 
quantification of practical turbulent flame structures and improved understanding of 
turbulent flame phenomena. 
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The first ach ievement of the PhD was the design and development of three optically 
accessible combustion chambers. T he chambers were developed to allow highly 
repeatable transient events for the capture of high quality, detailed experimental data. 
They were manufactured to give complete optical access, allowing for the use of any 
laser based technique, provid ing a test environment for realist ic centraJly mounted 
obstacle location. 
ln order to study the complex flame/turbulence interac tions generated, a time resolved 
high speed laser sheet flow visualisation system was employed. Previous studies have 
used schl ieren imaging and low-speed visualisation techniques, allowing a general 
overall sequence of tbe interaction to be visuali sed [25]. However, the image 
sequences shown in this thesis allow instantaneous ' freezing ' of the propagating 
fl ame and turbulent structures at time interva ls of approximately 0.11 ms a llowing 
excel lent visualisation of the temporal development of turbulent flames. 
lnsights into the mixture flow fi e ld ahead of a propagating flame have been achieved 
by the development of a two dimensional digital particle image velocimetry, PlY. The 
system allowed the quantification of flow structures present in the practical 
geometries tested. The results obtained helped to improve the understanding of how 
and why a flame burns into such turbulent structures and highlighted a need for the 
development of a temporal velocity field measurement system. Taking the standard 
PIV system a stage further, resul ts for a twin-camera PlY, are presented within th is 
thesis. The application of two separate P lY systems separated by a short delay 
a llowed the capture of two instantaneous velocity fields within the combustion 
chamber to help quantify the manner in which the turbulent flame propagated. From 
these results, data on flame displacement speed is shown, together with well 
recogni sed parameters of turbulent combustion [ 19]. 
Producing data that is recogn ised as fundamental for explaining the manner in which 
a flame burns allowed the results produced in this thesis to be used for the validation 
of mathematical modelling techniques. Direct collaboration between the author and 
Or S.N.D.H Pate! [26] a llowed the development and validation of a non-linear flame 
surface density model that showed good representation of the experimental findings. 
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For future work in the area of turbulent combustion, data collected in this thesis has 
highlighted key areas in which further detailed fundamental experimental data must 
be collected in order to improve understanding. The work presented has provided 
some insight into how a flame propagates within a specific turbulent field, but in 
order to fully explain the reasoning it is apparent further flame front tracking is 
needed. 
1.3 Overview of the Thesis 
Chapter 2 presents a review of previous literature, outlining the findings in all areas of 
turbulent flame propagation that are relevant to this thesis. The chapter begins with an 
overview of the fundamentals of turbulent flow and its application to chambers. The 
ignition phenomena and flame mixture type are discussed. A review of the principles 
of premixed flame propagation, together with findings for premixed flame interaction 
with turbulence and obstacles is presented. Finally an overview of both intrusive and 
non-intrusive diagnostic techniques is given. 
Chapter 3 details the basics of the optical diagnostics that were used throughout the 
work completed in this thesis. Reviews of systems and techniques for both the high-
speed laser sheet flow visualisation and digital particle image velocimetry are shown. 
A discussion of the errors involved in each technique is also given. 
Chapter 4 presents a study of flame propagation within the main combustion chamber 
employed. The basic combustion chamber design and experimental procedure is 
discussed in detail. Results for testing of non-obstructed flame propagation using 
high-speed visualisation is given. Analysis of the recorded image sequences is 
presented with reference to the literature. Data for the variation of mixture 
stoichiometry is presented together with an investigation into the affects of chamber 
exit blockage. Pressure histories for each configuration are also given. 
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Chapter 5 details the experimental work performed on a propagating flame interacting 
with pairs of vortices generated in the wake of polygon shaped obstacles. The mixture 
remained stoichiometric and ignition was by spark with the global flame propagation 
characteristics captured using high resolution cameras. Determination of the vortex 
flow tie ld and flame interaction with the turbulent field is presented from data taken 
using the twin camera digital particle image velocimetry technique. Discussion 
analyses the effect of vortex size, strength and flame di splacement speed. 
Chapter 6 describes the flow visualisation and velocity field measurement of a 
propagating fl ame interacting with solid rectangular obstacles. Data for each 
experimental setup, including variation in obstacle number is presented, allowing 
discuss ion on the influence of obstacles on the global characteri stics of name 
propagation. The veloci ty field data is discussed for single and multiple blockage 
configurations. Calculations for fl ame displacement speed are presented within the 
wake region of each blockage and discussion on the findings with relevance to 
turbulent flame propagation is given. Utilising the twin camera PIV technique, 
examples of fl ame displacement speed are presented together with stretch ca lculations 
for a typical flame propagation. 
Chapter 7 presents the conclusions to the thesis and discusses the possible future 
requirements to further the understanding of turbulent flames. 
Appendix B contains examples of the mathematical modelling that was performed by 
Or S.N.D.H. Pate! [26] using the experimental work detailed in the thesis as a means 
of validating and developing the code used to produce predictive results. Data for 
similar geometries of the multiple rectangular obstacle configurations is given. 
Appendix A details results obtained during a parameter study within the main 
combustion chamber investigating the required settling time of premixture introduced. 
The study provides calculation of a running averaged turbulence level to hjghl ight the 
decay of flow structures present in the chamber, and to determine the optimum 
settling time prior ro ignWon for generation of a homogeneous stagnant charge. 
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Finally, Appendix C provides details and results from a secondary study investigating 
the generation of a stratified charge. Sequences extracted from high speed laser sheet 
visualisation depict flow and flame development over solid obstacles placed within 
the combustion chamber. 
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CHAPTER2 
STUDY OF PREVIOUS WORK 
2.1 Introduction 
This chapter begins with a discussion of the theoretical basis and current 
understanding of turbulence. Discussing turbulence in non-reacting flows, such as 
those generated in a pipe flow, allows the derivation of fundamenta l governing 
equations that can be used to describe turbulence and later extended to help the 
understanding of turbulent combustion. Details of previous work conducted on 
combustion are divided into four main sections, the ignition of mixture, premixed 
flame propagation, premixed flame interaction with turbu lence and premixed flame 
interaction with obstac les. Particular attention is given to the later two sections where 
previous studies help explain the role of turbulent structurelfiame interactions in 
flame propagation. This provides the background knowledge relevant for discussion 
in subsequent chapters. The final part of the chapter is given to review diagnostic 
techniques employed in previous studies on combustion. The chapter ends with brief 
conclusions on the study of previous work. 
2.2 Literature Survey 
2.2.1 Turbulent Non-Reacting Flows 
In both open channel and confined geometry, such as pipe flow, fluid motion may be 
categorised as being either turbulent or laminar in nature [27]. Laminar flow can be 
thought of as a streamline flow, such that the fl uid motion is along approximately 
parallel flow lines following the contours of the adjacent surface. If the flow velocity 
is increased, or in the case of pipe flow situations the diameter of the pipe increased, a 
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stage is reached when the flow becomes irregular. At this point the fluid motion is 
said to be turbulent. 
In order to differentiate between the two states of motion, Osborne Reynolds in J 883 
was the first to demonstrate a dimensionless parameter that distinguished laminar and 
turbulent flow [27]. The Reynolds number, Re, forms a measure of the ratio of the 
inertia force to the viscous force acting on an element of fluid. It relates the 
characteristic length, t, velocity, u, and fluid properties density, p, and dynamic 
viscosity, f..L, in the dimension less form 
Re = pu.el f..1. (2. 1) 
It is widely accepted that for Re < 2300 the flow will norma lly be laminar in nature. A 
transition period over the intermediate range 2300 < Re < 4000 occurs where sma ll 
perturbations a re quickly damped, while more severe perturbations persist. Beyond 
Re= 4000 a fu lly developed turbulent flow is formed [I 0]. 
When the Reynolds number is increased into the turbulent region then the flow may 
be regarded as random local motions superimposed on the uniform motion of the 
fluid [1 0,28]. T hese local motions result in instantaneous deviations from the average 
fluid motion in a specified direction. It is therefore necessary to look at the statistical 
properties of the flow in order to characterise the turbulent fluid motion. The Root-
Mean-Square, RMS, value of these velocity fluctuations, u' is then a function of the 
instantaneous velocity, u, and the mean velocity of the fluid motion, u, such that 
(2 .2) 
The turbu lence intensity of the fluid motion may then be characterised by the RMS 
velocity divided by the mean velocity of the flu id motion, ie. u' l u. Turbulence 
intensity provides a measure of the turbulence level present in a flow fie ld, but it is 
appropriate to determine another parameter in order to further characterise the fluid 
motion, that is the turbulent length scale. This provides a measure of the size of 
turbulent eddy structures present. The turbulent length scales vary from the Integral 
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length scale, I, which quantifies the largest size eddies to the Kolmogorov scale, 7], 
[13] which quantify the smallest length scales which only exist for a very short period 
of time due to viscous (molecular) dissipation. It is also possible to quantify the 
spacing between the smallest eddies using the Taylor micro-scale, A. The Integral 
length scale and Kolmogorov length scale can be approximated [29] using 
(2.3) 
From these relationships it can be seen that the dissipation rate, c:, prov ides a further 
important parameter with which to characterise the scale of turbulence [29]. It is also 
possible to characterise the time scales over which the turbulent structures occur. The 
integral time scale, -c is given by 
r = u'
2 I & = 1/ u' . (2.4) 
Though the turbulent structures into which a flame propagates strongly influence the 
continued burning of the flame, and it is possible to characterise these structures, there 
is a two way interaction between the flame and turbulence [29]. This will be further 
highlighted by results presented in this thesis. 
2.2.2 Ignition Phenomena 
Depending on the state of the fuel and oxidant composition prior to any ignition 
process being initiated, the development of two distinct forms of combustion occurs. 
The first state of fuel/oxidant mixture to be considered is that of the premixed 
mixture. Here both fuel and oxidant are completely mixed prior to any external 
stimuli being added to initiate ignition. In the case of a burner, premixed combustion 
takes place when the fuel and oxidant are combined before entering the burner tube. 
The two reactants then have the length of the burner to produce a completely mixed 
charge before exjting and entering the stationary combustion zone. In the case of a 
stationary premixed charge the fuel and oxidant are mixed by an external source prior 
to ignition taking place. A stationary homogeneous charge is produced which can then 
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be ignited to allow the propagation of a combustion wave. In contrast to the premixed 
charge, the second form of combustion involves non-premixed fuel and ox idant. The 
fuel is not mixed with the oxidant prior to the ignition process taking place. An 
example of combustion initiated by ignition of a non-premixed charge is that of a 
candle flame [13]. To start an existing flame is introduce to the wick of the candle. 
This acts as a flame holder. The heat produced by this flame vaporises the 
surrounding candle wax. The vaporised wax then moves upwards mixing with the 
entrained air. The mixing generates regions of fuel rich zones c lose to the cand le and 
pure air zones outside the mixing area. In these regions it is not possible for a 
combustion zone to form. However at some point between the two extremes there is a 
region where fuel and air are mixed, having the correct concentration requi red for 
ignition. Here the combustion zone can be initiated and a diffusion flame produced. 
Concentrating on the case of completely premixed charge the ign ition of fuel and 
oxidant mixture can be described. To initiate the reaction between the fue l and 
oxidant, the temperature of the fuel must be rai sed above a fuel specific ignition 
temperature. Generally, tbe cause of ignition is a heat source that provides the 
required energy to start a chemical reaction between fuel and oxidant [28]. Studies 
have also shown that it is possible that the source of heat also produces atoms and free 
radicals that act as chain carriers, participating in the chemical reacti on [10,28]. The 
flow of heat and active intermediates from the ignition heat source into the adjacent 
mixture of fuel and oxidant initiates the combustion wave or flame. The heating of 
this particular layer and the presence of intermediates cause the chemical reaction to 
initiate the next adjacent layer of fuel/oxidant mixture and so on. This forms a zone of 
burning that can remain stationary if the mixture is flowed through the flame front. 
Alternatively it can become transient if the mixture remains stationary and the 
reaction zone then moves through the flammable mixture. 
Early experimental studies aimed at improving the understanding of the ignition 
process concentrated on the use of premixed charge. Stevens [30] completed 
visualisation of the ignition process in a premixed charge. The use of a soap bubble 
technique in which the premixed gas was contained within a bubble made of soap and 
then ignited by means of a electric spark discharge was employed. A mixture of 
carbon dioxide and air was enclosed in a soap bubble, which was blown around a 
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spark electrode gap. The soap bubble offered virtually no resistance to thermal 
expansion of the enclosed mixture, which allowed the combustion wave formed to 
propagate out spherically at a constant pressure. A series of snap shot photographs 
where taken to visualise the ignition of the premixed charge. The results showed that 
after the spark discharge a luminous sphere developed around the electrodes. The 
sphere consisted of a core of hot burnt gas bounded by a combustion wave. The wave 
occupied a narrow shell between the burnt core and the surrounding unburnt gas. 
It was generally accepted that the simplest and most common method of generating a 
combustion wave was the use of electric spark ignition [17]. Using two electrodes 
with a small gap between the tips, an electric spark could be fired . The spark 
generated the required external stimuli for ignition. Electrical energy stored in either a 
capacitor or a coil is rapidly discharged across the gap between the electrode tips [ 13]. 
This discharge generates a short burst of heat energy and formation of intermediates, 
which raise the mixture above its ignition temperature and initiate the chemical 
reaction. Blanc et al. [3 1] in the 1940's conducted a number of investigations i!lto 
ignition of premixed charge by electric spark discharge. The studies conducted 
provided data on the required minimum ignition energy and electrode spacing. Using 
a capacitance discharge spark ignition system, mixtures of methane, oxygen and inert 
gases were initiated in a spherical combustion chamber. In initial tests, electrode tips 
with precisely mounted glass flanges were mounted at the centre of the combustion 
chamber. The capacitance system was charged with a voltage, V, and us ing a trial and 
error approach the critical capacitance, C, required for ignition was recorded . 
Blanc et al. [31] noted that the minimum igniti on energy could then be calculated 
using the relationship (1/2)CV2. Figure 2.1 shows the minimum ignition energy results 
obtained for various concentrations of methane-air mixtures at pressures of one 
atmosphere and below. Further work by Blanc et al. [32] provided more experimental 
results on minimum ignition energy for various hydrocarbon/air premixed charges. 
The same apparatus and experimental technique was employed to study the minimum 
ignition energy of for ethane, propane, butane, hexane, and heptane each premixed 
with air. The results showed that the minimum ignition energy for each compound 
mixture was practically identical. Lewis and von Elbe [33] proposed a theoretical 
concept for minimum ignition energy of methane, air and nitrogen mixtures based on 
the use of an electric spark. The theory was developed assuming a very short time for 
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electric discharge and a very small spark volume. Development of equations based on 
temperature and energy per unit mass in the combustion wave was used to develop a 
theory for minimum ignition energy. The theory produced showed some agreement 
with the experimenta l results obtained earlier by Blanc et a l. [31]. It also highlighted 
the theoretical existence of an absolute minimum energy required for ignition. 
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Figure 2.1 Minimum ignition energies for Methane and Air mixtures relative to the 
equivalence ratio of the charge [28] 
The work by Blanc et al. [31] highlighted the effect of using different designs for 
electrodes used in electric discharge spark ignition systems. Further studies have 
shown the marked effect the design of the electrode tip can have on the minimum 
ignition energy required to initiate a combustion wave [1 3]. Figure 2.2 shows the 
relationship between minimum ignition energy and electrode spacing for two simple 
electrode tip configurations. Required minimum ignition energies are shown for free 
type electrodes. Here the electrodes are placed opposite each other with a shallow 
point forming the tip of the electrode. Minimum energies are shown for the 
contrasting design of the flanged electrodes. These incorporate electrodes where the 
ends are formed into circular flanges that face along the length of their diameters. 
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Figure 2.2 shows a well defined minimum gap distance for the flanged electrodes. For 
gaps less than this distance the heat transfer to the plates causes quenching of the 
ignition. For the free electrodes the minimum gap is not well defined, though the heat 
transfer to the electrode tips does increase as the gap is decreased, causing the 
minimum ignition energy required to rise. When the ignition energy reaches a 
minimum it remains constant over a wide range of electrode gap distances. When the 
gap distances become wide, the heat transfer to the surrounding mixture becomes 
important and the energy required for ignition rises. Work by Ballal and Lefebvre (34] 
showed that the minimum ignition energy is also dependent on the state of the 
surrounding mixture . They conducted an investigation into the effect of turbulence on 
the minimum ignition energy required to initiate a combustion wave in propane-air 
mixtures. The results obtained can be seen in figure 2.3. Curves for mixture 
concentration against minimum ignition energy are plotted for various relative 
turbulence intens ities. The relative turbulence intensity is defined as the turbulence 
level divided by the time averaged flow velocity, and expressed in percentage terms. 
For the data shown the actual turbulence intensity ranged from 0.15 ms-' to 0.90 ms-1• 
The results show an overall increase in the required minimum ignition energy as the 
relative turbulence intensity of the mixture is increased. The studies on minimum 
ignition energy required have shown dependence on e lectrode type, spacing, mixture 
composition and state. 
As an alternative to the electric discharge spark ignition technique various methods of 
igniting a premixed charge of fuel and oxidant are available. Kuo (35] notes that there 
are various means of achieving ignition, and categorises external stimuli that can be 
used into three types 
• Thermal energy stimuli - Transfer of thermal energy to the reactants is 
achieved by either conduction, convection, radiation or a combination of the 
three basic modes of heat transfer 
• Chemical stimuli -Introduction ofhypergolic reactive agents 
• Mechanical stimuli - Mechanical impact, friction or shock waves 
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An example of the thennal stimuli used in order to produce the required heat and 
intermediates, is pilot flame ignition. Here an existing flame can be used to initiate the 
ignition processes required [ 13]. Using a similar principle a glow plug/hot wire device 
can be used to provide the heat source for ignition. An example of chemical stimuli is 
hypergo!ic ignition devices. Where injections of fluorine or liquid chlorine trifluoride 
are used to initiate ignition (35]. A plunger device can also be used to provide an 
ignition source. A falling plunger with entrapped air bubble at its tip can ignite a 
bubble containing nitro-glycerine to provide an ignition source [28]. A range of 
alternative equipment such as shock tubes and high powered C02 laser can be 
employed to provide ignition of premixed charges [35]. 
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2.2.3 Premixed Flame Propagation 
Ignition of a mixture of fuel and oxidant, as discussed in the previous section can 
occur in a premixed form. A premixed gas, where the fuel and oxidant are completely 
mixed prior to any reaction, can be ignited by the presence of a point source of heat. 
The ensuing chemical reaction can be thought to occur in an infinitesimal section of 
the mixture, generating a thin reaction zone, which then affects the adjacent section of 
mixture, continuing so that a combustion wave or flame is formed [1 0, 13,28]. 
In the case of a propagating premixed flame, the reaction heat needed for ignition is 
transported from the thin reaction zone to the unburnt mixture ahead by diffusion of 
heat. In general cases the speed of propagation will be slow, as the gas ahead of the 
flam e is heated to the required temperature before ignition can take place. This form 
of propagating premixed flame is termed deflagration. As the unburnt mixture ahead 
of the flame is heated the gas expands and causes a rise in pressure . The pressure 
disturbance generated travels through the mixture at the speed of sound and due to 
compression heats up the surrounding mixture. When a strong pressure disturbance is 
generated the gas may be heated above the ignition temperature resulting in a self-
sustained flame that runs as a shock wave. In this case the combustion wave is called 
a detonation wave [28,36]. U was Chapman [37] and Jouguet [38] who provided the 
first hypotheses on the transition between a deflagration and a detonation that led to 
mathematical predictions of the speed of such waves. The deflagration wave 
phenomena will be the topic of findings presented in the remainder of this thesis. 
The earliest recorded scientific work on flames and flame propagation was by Mallard 
and Le Chatelier [39] in 1883. They provided an elementary model for flame 
propagation by studying ignition of premixed mixtures, in semi-confined geometries. 
The work recognised that heat loss and rate of chemical reaction were of importance 
in determining the speed of propagation. Further work by Ell is [40], concentrating on 
flame propagation in a variety of tube shapes showed that in the early stages of 
development the flame was free to expand in both the lateral and axial directions. 
Restrictions imposed by the containing tube walls later effect the flame shape, causing 
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it to become ellipsoidal in nature. The resulting increase in flame surface area was 
visualised and reported to cause the flame to accelerate at a constant rate. 
The flame type generated by both Mallard and El!is can be categorised as a laminar 
flame. It offers the most simplistic from of deflagration for investigation purposes. 
Linking to the previous section on turbulence, the laminar nature of the flow allows 
the production of a simple flame free from external influences of turbulent flow 
structure that can alter the nature of combustion . Since the pioneering work of 
Mallard and Le Chatelier [39] theories on the structure of laminar flame fronts have 
been proposed [ 4 l). 
The theory accepts that it is best to first consider an idealised situation in which the 
premixed laminar flame will propagate. The effects of containment can be neglected 
and the gas flow taken to be uniform across the container so the flame front is planar 
and perpendicular to the mixture fl ow. Assuming the fl ame front is stati onary two 
planes, one ahead and one behind the flame can be used to apply conservation 
relationships, see figure 2.4. 
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Figure 2.4 Notation used in the description of a stationary laminar flame (1 0]. 
Subscript u denotes unburnt mixture, and b denotes burnt mixture, with u representing 
the velocity of gas stream, p density of gas stream and T temperature of gas stream 
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By conservation of mass on both sides of the flame and conservation of momentum, 
rearrangement leads to the following relationship. 
(pb - P" )!(ub - u") = -ri1 (2.5) 
where m is the mass flow rate per unit area through the transition, p is the density of 
the gas, and u is the velocity of the gas stream. The expression helps explain the 
phenomenon of deflagration and detonation discussed previous, showing that pressure 
and density must change in the same direction. It also shows that the pressure 
decrease observed in deflagration requires an increase in velocity. The burnt gas 
leaving the flame has a higher velocity, but lower pressure and density than that of the 
initial mixture. From this analysis it is possible to produce a plot showing a detailed 
typical profile of a prem ixed laminar flame, as shown in figure 2.5 [I 0,1 3,28,36]. 
From the diagram it is clear that there are three key parameters for the investigation 
and description of laminar flames. The laminar burning ve locity, laminar fl ame 
thickness and adiabatic flame temperature are parameters that can be used both 
experimentally and mathematically to characterise laminar flame front 
propagation [I 0]. 
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Figure 2.5 Schematic of the general structure of a premixed flame, where L1 is the total 
flame thickness, /0 is the thickness of the reaction zone where the majority of the 
reaction takes place, and /0 is the oxidation layer where the final reaction products are 
formed 
The laminar burning velocity or larninar flame speed, SL, is defined as the velocity of 
the reaction zone front travelling along a nom1al to its surface with respect to the 
unburned gas [28,42]. Since the works of Mallard and Le Chatelier [39] there have 
been numerous studies and techniques proposed for the determination of laminar 
burning velocity [35]. Andrews and Bradley [42] provided a review of previous 
studies on laminar burning velocity for methane-air mixtures. Based on theory 
assuming the basic relationship St = S.,. - Sg, were Ss is the flame speed and Sg is the 
unburnt gas velocity normal to and away from the flame, a wide scatter of values for 
laminar burning velocity was found dependent to some extent on experimental 
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method. They subsequently published data [25] using techniques believed to be the 
most accurate in determining the laminar flame parameters for methane-air mixtures, 
finding a variation with mixture equivalence ratio and pressure for both flame speed 
and laminar flame thickness, OL. Further analytical studies detailed [35] also showed 
that SL and OL are dependent on temperature and fuel type. The typical laminar 
premixed flame is thin, 5L = 1 mm, and travels with a ve locity, SL = 0.5 m/s. The 
velocity itself increases approximately with the square of the mixture temperature 
[13]. The adiabatic flame temperature varies with equivalence ratio reaching a 
maximum on the slightly rich side of stoichiometric. The flame temperature he lps to 
govern the flammability limits ofthe propagation process. 
A secondary factor that is important in terms of laminar flame propagation is that of 
quenching. It can occur close to containing wall surfaces where the heat losses are 
sufficient enough to extinguish the tlame. Characteristics of quenching have been 
investigated with quenching diameter (the minimum diameter through which a flame 
can propagate), dr, and related quenching distance, dq, presented by Barnard and 
Bradley [10]. 
The theory of Iaminar flames is essential for other studies in the phenomenon that is 
combustion. The concepts of involved in premixed Iaminar flames are an integral part 
of understanding and modelling turbulent flames [43]. 
2.2.4 Premixed Flame Interaction with Turbulence 
As a premixed flame changes from a laminar state to a turbulent state, the interaction 
between flame front and mixture flow structures becomes very complex. This intricate 
coupling of physical and chemical properties of both the flame and the mixture has 
been the basis for numerous experimental and theoretical investigations. Observations 
of a flame entering a turbulent field show that the flame front becomes disturbed upon 
interaction with the turbulent flow structures. The flame front becomes wrinkled in 
nature, leading to an increase in flame surface area [43]. Studies have shown that the 
increase in flame surface area results in an overall increase in the burning rate of the 
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flame. The very first recognition of the effect of turbulence on the characteristics of 
flames was by Mallard and Le Chatelier in 1883 [39], investigating fl ames 
propagating in tubes. Measuring laminar burning velocity they noticed the distinct 
effect turbulent structures had on a laminar flame front. They recorded that the 
presence of turbulence significantly increased the measured burning velocity of the 
flame front. 
It was over fifty years unti l the first interpretation of the effect of turbulence on the 
flame front was recorded. Damkohler [44] in 1940 was the first to measure and 
interpret premixed flame/turbulence interactions. His experimental work concentrated 
on three burner tubes of vary ing diameters, allowing the generation of a range of 
steady state laminar to turbulent premixed flows. Observing the inner and outer 
boundaries of the diffuse zone of luminosity in the resulting flame, he determin ed the 
burning velocity to be the ratio of gas flow to area of outer boundary. Based on the 
experimental fi ndings, Damkohler constructed theoretical concepts on the effect of 
turbulence highlighting two limiting cases. In the first case the scale of turbulence is 
large in comparison to the flame thickness, and in the second, the scale of turbulence 
is small compared to the flame thickness. For a scale of turbulence large in 
comparison to the flame thickness Damkohle r formulated a theory based on the 
surface area of a continuous distorted flame front, assuming each individual di stortion 
could be represented by a positive or negative cone structure. The theory states that on 
average over the fl ame surface the turbulent burning velocity Sr is proportio nal to the 
turbul ence u' . Damkohler also proposed that due to the nature of the gas flow Sr is 
proportional to the Reynolds number Re, and linking this to his experimen tal results 
produced the fo rmula incorporating constants Ac, and Be. 
(2.6) 
Based on this work Shchelkin [ 45] proposed a modification of the Damkohler conical 
distortion concept. Placing the ratio of turbulent burning velocity to laminar burning 
velocity equal to the ratio of average cone area to area of average cone base, 
Shchelkin used the geometry and time characteristics of the flame front to formulate 
an expression for turbulent burning velocity. Assuming the height of each cone was 
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proportional to u' and the time during which an element of the flame front was 
associated with an eddy motion the ratio of turbu lent to laminar burning velocity was 
given by 
(2.7) 
The above equation proposed by Shchelkin fo r large values of u' I S L reduces to 
Sr oc u', the same as that given by Damkohler. Continued development of the 
Damkohler theory resulted in the equation proposed by Kilmov [46] for u' I SL >> I 
S 
( 
I )0.7 
_.I_ = 3. 5 !:!._ 
SL SL 
(2.8) 
Investigations of turbulent burning velocity continued to modify the theory of 
Damkohler. Markstien [47] recognised the work of Damkohler and Shchelkin, but 
discussed the need to distinguish between turbulence in the unburned gas and 
turbu lence in the burning zone. Limitations in the theory based on that of Damkohler 
was acknowledged by Andrews et al [48]. lt was noted that the original assumption of 
the scale of turbulence being larger than the flame thickness, implies that small scale 
eddy transport over a distance less than the scale of turbulence has no significant 
effect. Therefore the sole effect of turbulence being to increase the flame surface area. 
This was believed not to be true and it was suggested that the feasibility of 
Damkohler's model be further considered. A critical appraisal of turbu lent transport 
models was presented, offering an alternative theory based on that ofDamkohler. 
Abdei-Gayed et al. [49] offered an alternative to the theory presented by Damkohler. 
They discussed the influence of small scale turbu lence on the mechanism of flame 
propagation as overall turbu lence levels developed. As the turbulence level rises the 
combustion is increasingly concentrated within the smaller scales of turbulence. As 
many previous studies were only viable when the scale of turbulence was greater than 
the laminar flame th ickness, it became apparent that there was a need to also consider 
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small scale turbulence. Abdel-Gayed et al. [ 49] proposed a two-eddy theory in which 
the complete turbulence spectrum was simplified into two principle eddy sizes. The 
large eddy size was characterised by the integral length scale, and small eddy size 
characterised by the Kolmogorov length scale. Results for the proposed two eddy 
theory were compared with experimental results and results from other theories. It 
was found that the two eddy theory was satisfactory for higher levels of turbulence. 
All of the theory presented above highlighted the dependence of turbulent combustion 
characteristics on turbulent length and time scales [13, 17,44,45,46]. Using thi s the 
flame can be broadly characterised into three different criterion relating turbulent 
length scales and laminar flame thickness. The three criterion, termed wrinkled 
laminar flame front, wrinkled reaction zone, and distributed reaction are defined 
based on relationships between the characteristic integral length scale, the 
Kolmogorov length sca le and the laminar flame thickness. When the lam inar flame 
thickness is less than or equal to the smallest turbulence scale, the Kolmogorov scale, 
turbulent combustion can be said to be of the wrinkled laminar fl ame front type, 
OL ~ 7]. Alternatively if the laminar fl ame thickness is in the range between the 
integral length scale and the Kolmogorov length scale, l > c5L > ry, the flame can be 
characterised as a wrinkled reaction zone. The final criterion of distributed reaction 
zone occurs if the laminar flame thickness is greater than the integral length scale, 
OL > l . 
Relationships between the characteristic length scales and the laminar flame thickness 
proposed above has provided the basis for identification of distinct regimes in the 
fie ld of turbulent combustion. The development of this identification has resulted in 
the presentation of combustion regime diagrams. Berrere [50], Bray [5 1], Broghi [52] 
and Williams [53] have a ll provided examples of this type of combustion regime 
diagram. All combustion regime diagrams differentiate the type of turbulent 
combustion using dimensionless parameters such as the turbulent Damkohler number, 
Da1, Reynolds number, Rer, and Karlovitz number, Kar. 
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• The Damkohler number, Da, is defined as the ratio of characteristic flow or 
mixing time to a characteristic chemical time. The turbulent Damkohler 
number is the turbulent form of Do and is defined as the eddy turnover time 
divided by the chemical reaction time. The eddy turnover time can be thought 
of as the lifetime of large eddies in the flow ( r flow =I I u') and the chemical 
time based on the laminar flame ( r chem = r5 L I S ,J such that 
Da1 = " ;'o"' = (-1 )(s~ ) 
'r chem 0 L U 
(2.9) 
• The Reynolds number, Re, is defined as the ratio of inertia to viscous forces. 
In its turbulent application, Re, is a measure of how much the larger eddies are 
damped by viscosity. It relates the turbulence intensity u' , the characteristic 
integral length scale /, and the kinematic vi scosity of the unburnt mixture v in 
the form 
R 
u'l 
e =-/ 
V 
(2.1 0) 
• The Karlovitz number, Ka, is defined as the ratio of chemical time to 
Kolmogorov time. As previous the chemical time can be Iaminar flame 
thickness divided by the laminar burning velocity. The Kolmogorov time is 
the kinematic viscosity divided by the rate of dissipation of turbulent kinetic 
energy. 
(2.11 ) 
In order to further differentiate the regimes within a turbulent combustion regime 
diagram, ratios of characteristic velocities and lengths are used [17, 54]. The ratio of 
flow velocity to flame velocity defines the dimensionless parameter given by the ratio 
ofturbulence intensity u' , and laminar burning velocity S L where 
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u' (2.12) 
The length ratio linking the largest length scale of turbulence to the length scale of the 
flame provides the second dimensionless parameter. It is defined as the ratio of 
characteristic length scale to laminar flame thickness 
(2.13) 
The length ratio linking the smallest length scale of turbulence to the length scale of 
the flame is the final dimensionless parameter used in differentiati ng regimes of 
turbulent combustion. It is the ratio of Kolmogorov length scale to the laminar flame 
thickness 
(2. 14) 
An example of the use of the dimensionless parameters listed above to construct a 
combustion diagram detailing the different regimes is given in figure 2.6. The figure 
shows an early combustion diagram devised by Borghi [52] high lighting th ree 
regimes; corrugated flamelet regime, distributed reaction zone and well sti rred 
reactor. The regimes highlighted show similar characteristics to the criterion 
described previously using the relationship between turbulence length sca les and 
laminar flame thickness. However the Borghi diagram uses data for the length ratio 
versus the velocity ratio on a logarithmic scale, together with lines to define turbulent 
Damkohler number and Karlovitz number as a means of differentiating combustion 
regimes. The diagram presented by Borghi has since been updated by Peters [55] to 
incorporate more detail to further defme the regimes of turbulent combustion, see 
figure 2. 7. The lines of Re1 = 1, Dar = 1 and Ka1 = 1 represent the boundaries between 
the different regimes of turbulent combustion. The wrinkled and corrugated flames 
belong to the flamelet regime. ln this regime Re1 > 1 which indicates turbulence is 
present, Dar > I, indicating fast chemistry and Ka1 < I signifying weak fJame stretch. 
The boundary line Da = l is referred to as the Kilmov-Williams criteria [55,56] 
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separating the flamelet regime from the distributed reaction zone regime. This 
distributed reaction zone regime is characterised by Rer > 1, Dar > 1, and Kar > 1. The 
final regime occurs when Da1 < 1, chemical time scale is greater than the eddy turn 
over time scale, so the chemistry is relatively slow [54]. This characteristic is termed 
the wel l-stirred reactor regime. 
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Further investigations into the effect of turbulence on premixed flame propagation 
have led to alternative interpretations of the combustion diagram. Abdel-Gayed et al 
[57], using experimental results obtained from a fan stirred reactor, produced a 
modified version of the Borghi diagram, see figure 2.8. The diagram shows similar 
trends to that of the Borghi diagram, though introduces the use of a dimensionless 
stretch factor, Kd, as a means of differentiating between combustion regimes. The 
values of Kd are calculated based on the equation 
(2. I 5) 
where u ' is the turbulence level, A. the Tay!or microscale, oL the laminar flame 
thickness, and SL the laminar flame speed. The study group from Leeds University, 
headed by Bradley, provided a diagram that also presents lines for values of Sri SL to 
further distinguish regions within turbulent combustion. 
The application of combustion diagrams has been most apparent in the mat hematical 
modelling of practical combustion systems. Dai et al [58] presented a revised version 
of the Leeds group combustion diagram to show normal combustion regimes for 
1.6 Litre and 2.0 Litre SI engines. Using a slightly different approach to identify ing 
combustion regimes, Abraham et al [59] presented a combustion diagram highlighting 
a regime of engine operating conditions. The diagram presented in the form Re1 versus 
Da, as shown in figure 2.9. The majority of the estimated area for SI engine operation 
appears to lie in the wrinkled laminar flames regime. 
As many practical combustion systems lay within the wrinkled laminar flame regime 
on the combustion diagram, numerous studies have investigated laminar flames 
interacting with vortices. Poinsot et al. [60,61] completed a numerical study into the 
effect of flame/vortex interactions on the characteristics of flame fronts . The 
investigation predicted that classical combustion regime diagrams under-estimated the 
resistance of flame fronts to turbulent eddies. The result was a predicted increase in 
the size of the flamelet regime as the Kilmov-Wi!liams criterion is moved due to large 
vortices being able to quench a flame front. Roberts et al [62,63] presented 
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experimental studies into the effect of flame/vortex interactions, using an upwardly 
propagating laminar flame interacting with a downwardly propagating vortex pair. 
The observations for vortex disturbance of the flame front and results for the vortex 
quenching limit both were found to be in agreement with the numerical results 
proposed by Poinsot et al. [60]. Further experimental studies conducted by Mueller et 
al [64,65] using initially the same technique as Roberts [63], then an evolution of this 
experimental setup, investigated the effect of local stretch on the flame chemistry. lt 
was found that heat losses, and positive and negative curvature had a marked effect on 
the flame chemistry, eventually leading to extinction. A further study on flame/vortex 
interactions by Mueller et al. [66] provided measurements for flame-generated 
vorticity and a proposal of a dimensionless vorticity enhancement parameter to help 
explain the previous results. Alternatively to the propagating flame/vortex interaction 
Samaniego and Mantel [67) completed an experimental investigation using a rod-
stabilised flame interacting with propagating slot-generated vortices. They observed 
that the flame/vortex interaction take places in the quenching regime proposed by 
Poinsot et al. [60], however no quenching occurred. 
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Continued studies on the flame/vortex interaction phenomena completed by Sinibaldi 
et al. (68] concentrated on calculating the local flame displacement speed and flame 
stretch. Using a downwardly propagating flame interacting with an upwardly 
propagating vortex pair. Recordings of flame front position and local flow velocity 
were made. Data for flame velocity, V;; and flow field velocity, V,., in a direction 
normal to the flames surface was then combined to calculate flame displacement 
speed, sd 
s ==V ·n-V .fi tl f r (2. 16) 
where n is the unit normal to the thin flame segment. Total flame stretch, K, was also 
ca lculated using K = Ks + Kc where Ks represents the strain component and Kc the 
curvature component. Results showed only positive values of Sd were obtained 
varying up to five times that of the unstretched !aminar flame speed. A similar 
technique was employed by Ibarreta and Driscol! (69] to investigate the effect of 
negative curvature. The results provided a correlation between burning velocity and 
curvature for inwardly propagating flames. 
2.2.5 Premixed Flame Interaction with Obstacles 
The first observation of the phenomena encountered when a propagating flame 
interacts with an obstacle placed in its path was by Chapman and Wheeler [70]. 
Investigating propagating flames in confined geometries Chapman and Wheeler noted 
that the presence of an obstacle significantly modified the flow of mixture ahead of 
the flame. [t was found that the degree of blockage caused by the obstacle and the 
number of obstacles present, together with their position relative to the ignition point 
determined the maximum speed attained by the flame. The presence of an obstacle 
was found to accelerate the flame. 
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Recently with the requirement for the design and operation of safe plant, it has been 
recognised that there is a need to study premixed flames for more practical 
applications [71]. Therefore to increase the physical understanding and provide data 
for the validation of mathematical models, the study of premixed propagating flames 
interacting with obstacles has been the basis of numerous studies [ 4]. Moen et a l. [72] 
in 1980 completed a study on the effect of a series of obstacles on the propagation of 
a radially expanding premixed flame. Using a range of copper or rubber tube spirals 
the effect of a series of obstacles on the flame propagation was investigated. The 
variation in pitch and tube diameter a llowed a variety of obstacles series 
corresponding to the windings of the spirals to be tested. It was found that the 
presence of obstacles in the path of a freely propagating flame has a dramatic effect 
on the overall flame propagation. This confirmed the earl ier findings of Chapman and 
Wheeler. Moen et al. [72] recorded a dramatic increase of the flame speed in the 
presence of obstacles . The flame speed was found to depend criticall y on the size of 
the obstacle relative to the whole field. Thus the controlling factors that drive the 
flame acce leration mechanism were noted to be the large scale flow field d istorti ons 
produced by the obstacle. It was also shown that the flame slows down almost 
immediately once the obstacles are removed. Further highlighting the fact that the 
large flame speeds are entirely controlled by the turbulence and flow field distortions 
produced by the presence of the obstacle. They hypothesised that this could be 
understood in terms of a positive feedback coupling between the flame and the 
upstream flow produced by a specific volume increase across the flame. 
Chan et al. [73] performed an investigation into the effect of confinement on flame 
acceleration due to repeated obstacles in order to evaluate the effect of the positive 
feedback mechanism between flow and flame. A horizontal rectangular cross section 
combustion chamber closed at the ignition end and open at the opposite end was 
employed. Degrees of confinement were controlled by replacing the top side of the 
combustion chamber with a perforated plate, a llowing the venting of both unburnt and 
burnt gases. Repeated baffle type obstacles were spaced equally along the lower side 
of the combustion chamber. Measurements of pressure, flame speed and flame shape 
were made for different obstacle geometries and various degrees of confinement. It 
was found that the flame speeds decreased with decreasing levels of confinement for 
all configurations of obstacles. The venting of unbumt and burnt gases caused a 
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distinct change in the observed flame shape and so a decrease in the measured flame 
speed. Chan et al. (73] concluded that by allowing the unburnt and burnt gases to 
escape through the top plate, the flow that convects the leading front edge of the flame 
forward is greatly reduced. Thus the confinement plays an important role in the 
strength of the positive feedback mechanism responsible for accelerating the flame. 
Work on propagating flames interacting with turbulence has also been completed on a 
large scale basis in order to further provide knowledge of turbulent flames on a 
practical level. Hjertager [4] presented data from large scale experimental 
investigations on turbulent gas explosions. Concentrating on a cylindrical chamber 
10 m in length containing up to five orifice rings of varying blockage, measurements 
of flame speed and average over pressure are presented. Results show that for each 
blockage ratio an increase in the number of rings present in the combustion chamber 
increases the overpressure generated. The same trend was recorded for measured 
flame speed. Further large scale studies by Hjertager et al. [5] were perfumed in a 
I 0 m long tube of diameter 2.5 m closed at the ignition end and open at the opposite 
end. Five regularly space orifice ring type obstacle were used to accelerate the flame. 
Measurements of flame position, flame speed and pressure were used to characterise 
the effect of concentration on the propagation of a turbulent flame. Flow velocity 
measurements were presented to help explain the phenomenon. Results showed a 
strong influence of fuel concentration on both flame and pressure development, with 
maximum pressure found to be in fuel rich mixtures. Also results taken by Hjertager 
et al. for flow velocity show that turbulence in the chamber is mainly produced in the 
shear layers behind obstacles, linking to work performed on smaller geometry 
environments. 
Further testing of turbulent flame propagation in large scale obstacle filled tubes was 
completed by Lee et al. [74]. Experiments were carried out using smalJ tubes of 
diameter 0.05 m, 0.15 m, and 0.3 m with lengths of 11 m, 15 m and 17 m 
respectively. The tubes were closed at both ends, with ignition taking place at one end 
of the chamber. Obstacles consisted of circular orifice plates positioned at one 
diameter spacing along a section of the tube sufficient enough to generate a steady 
state terminal flame speed. Steady state terminal velocity was measured and was 
found to be dependent on mixture composition, obstacle blockage and obstacle 
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spacing. Results of the study indicated that the turbulence induced acceleration of the 
flame could be described in terms of four distinct regimes classified according to the 
steady state terminal velocity achieved. The first regime occurred for large blockage 
ratios, when the flame accelerates until it effectively extinguishes itself. Referred to as 
the quenching regime the mechanism of propagation is one of successive ignition of 
trapped mixture bounded by each obstacle via the venting of hot product gases from 
section to section. The quenching occurs when entrainment and mixing are too quick 
for the vented hot products to ignite the unburnt mixture. The second regime is termed 
the choking regime. It occurs when the blockage ratio is such that quenching does not 
occur and the flame reaches a terminal steady state. Gas dynamic (sonic) choking of 
the flow within the orifices dominates the flame propagation mechanism. The third 
regime proposed is the quasi detonation regime. It occurs with the propagation of a 
detonation wave through the obstacle array at sub Chapman-Jouguet, C-J, 
(unsupported detonation) velocities. The final regime is termed the C-J detonation 
regime where the propagation of the flame becomes completely insensitive to the 
blockage effect of obstacles and the combustion wave propagates at C-J velocities. 
Although there is an obvious requirement for data on turbulent flame propagation in 
large scale environments Hjertager [4] in his review concluded there was a need for 
experimental data in both large and small scale geometries. Workers contemplating 
the use of mathematical models also realise the need for small scale investigations. 
Catlin et al. (8] in presentation of a mathematical model on flame interaction with 
obstacles discussed that is first useful to study flames in more simplistic geometries 
than those encountered in practice in order to aid the development of knowledge on 
turbulent combustion. On this basis Starke and Roth [75] completed an investigation 
into the effect of obstacle type and blockage ratio on flame behaviour during 
explosion in small scale enclosures. The initial study concentrated on observations of 
flame shape and measurement of pressure within a 100 mm diameter cy lindrical 
combustion chamber closed at both ends. Three different types of obstacle were 
mounted perpendicular to the axis of the combustion vessel. They consisted of an 
orifice plate with a 50 mm opening diameter, a circular plate of 50 mm diameter 
mounted concentrically in the chamber, and a circular wire grid of 100 mm diameter 
with a mesh width of 5 mm. Results showed that the influence of an orifice obstacle 
on the acceleration of the flame was greater than that of the wire grid or circular plate 
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obstacles. It was also concluded that the influence of the obstacle is dependent on its 
position in the combustion chamber relative to the ignition source. The second study 
completed by Starke and Roth [75) involved the measurement of flow velocity inside 
a cylindrical chamber. The chamber was of 100 mm internal diameter with the option 
to mount either a 50 mm orifice obstacle or 75 mm orifice obstacle perpendicular to 
the axis of the enclosure. Measurement of the axial velocity of the flow at different 
axial and radial positions was completed. It was found that the unburned gas behind 
each orifice obstacle exhibited an axial profile with two axisymmetric bumps. The 
resulting maximum velocity of the unburned gas was seen to increase with decreasing 
diameter of the orifice opening. 
A similar study was completed by Phylaktou and Andrews [9] investigating the effect 
of single hole obstacles placed within a cylindrical combustion chamber. The 
chamber, closed at both ends contained one single hole orifice type obstacle located at 
either 6.8 or 14.0 vessel diameters from the spark ignition source. The blockage ratio 
of the obstacle was varied from 20 % to 80 %. Measurements of flame position, to 
calculate flame speed and chamber pressure were taken. It was found that as the 
blockage increased the maxjmum flame speed prior to reaching the obstacle was 
increased. However velocities induced in the gas flow ahead of the flame and 
subsequent generation of turbulence at the baffle was shown to further accelerate the 
flame as it interacted with the turbulent structures. In conclusion Phylaktou and 
Andrews [9] showed that a single hole obstacle would greatly accelerate the flame in 
closed tube explosions which accompanied a very fast rate of pressure rise. It was 
believed that the flow of gas downstream of the baffle created turbulence. This when 
the flame reached the turbulence, its burning velocity was greatly enhanced, resu lting 
in higher combustion rates and rates of pressure rise. 
Experimental work was completed by Fairweather et a l. [76] in order to provide data 
for the direct validation of a mathematical model. The experimental study consisted of 
pressure measurement and flame propagation visualisation of three cylindrical 
combustion chambers. Each chamber was 288 mm in length, closed at the ignition 
end and open at the opposite end. The first chamber had a length to diameter ratio, 
Lc!Dcc, of 3 with a 75 % blockage on the exit~ but contained no obstacles. The second 
chamber had a LcJDcc = 2 with a 75 % blockage on exit. It contained a single orifice 
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obstacle located at IDee downstream of ignition, which provided a 33 % blockage. 
The fina l chamber had a Ler!Dee = 3 with a 50% blockage on the exit. Two orifice 
obstacles where located at lDee and 2Dcc downstream of the ignition. Results showed 
that for each chamber, flame propagation up until the flame vented was substantia lly 
laminar. For the two chambers containing obstacles rapid turbulent combustion was 
observed in the shear layers and recirculation zones induced by the obstacles. 
Significant overpressures were only recorded in the later stages of combustion, 
I inking to the generation of turbu lent combustion. The mathematical model used was 
based on solutions to fluid flow equations and the use of a semi-empi rical approach to 
model the premixed turbulent combustion processes. Overall comparisons between 
the model and experimental data demonstrated that the model provided a reasonable 
simulation of combustion within obstacle containing enclosures. It was a lso stated by 
Fairweather et al. [76] that there was a requirement for detailed experimental data on 
the highly turbulent shear layers and recirculation zones generated in the flow behind 
obstacles. This was to allow more quantitative assessment of premixed turbulent 
combustion models. 
Lindstedt and Sakthitharan [71] presented a detailed investigation into the interaction 
of a transient premixed flame and a developing shear layer generated in the wake of 
an obstacle. Using a rectangular cross section chamber, closed at both ends the effect 
of a s ingle wal l mounted obstacle was studied. The obstacle was located 0.478 m from 
the ignition source and provided a 50 % blockage. Chamber pressure was measured at 
six positions, flame arrival times at sixteen positions and visua lisation of the flame 
propagation process occurred at two positions. Recordings of the area a round the 
obstacle and downstream ofthe obstacle were taken. Flow velocity components a long 
the axial and vertical directions were measured at sixty-six positions around the 
obstacle location. Profiles of both axjal and vertical direction velocities show the 
development of the shear layer. Constructed velocity vector diagrams also show the 
evo lution and convection of the recirculation zone generated behind the obstac le. 
Strong turbulence generation was observed a long the deve loping shear layer They 
conclude that the transition of an essentially laminar flame to that of a turbulent flame 
occurs with the onset of flame instabilities induced in a develop ing shear layer a long 
the obstacle. 
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Work completed by Hargrave et al. (77] investigated the effect of mixture 
concentration and obstacle size on the structure of premixed flames propagating 
through transient turbulence generated in the wake of a cylindrical obstacle. High 
speed flow visualisation and pressure measurement was completed on a rectangular 
cross section combustion chamber. The chamber was 1 m in height closed at the 
ignition end and open at the opposite end. Tnitial testing on the effect of mixture 
concentration was completed using a cylindrical obstacle generating a 50 % blockage 
located 150 mm downstream of the ignition point. Mixture concentrations of lean, 
stoichiometric and rich were tested, with equivalence ratios of 0.8, 1.0, and 1.2 
respectively. The effect of blockage on the characteristics of flame/turbulence 
interaction was completed using two different sized cylindrical obstacles providing a 
25 % and 50 % blockage. Results taken from the high speed images for the variation 
in mixture concentration showed significant effect on the process of flame 
acceleration. Variation from a stoichiometric mixture caused a slowing of the overall 
flame propagation. Recorded pressure-time hi stories showed the timing of the 
maximum overpressure changed with the mixture concentration. The effect of 
increasing the blockage presented by an obstacle also affected the maximum flame 
propagation speed attained. It was believed that the nature of the fl ow in the wake of 
the cylinder and the intensity of the recirculation zone formed behind the cylinder 
plays an important role in flame propagation. 
Ibrahim et al. (1 8] also completed studies on flame/solid obstacle interactions in 
mixture concentrations of varying stoichiometry. A vertical rectangular combustion 
chamber, 150 mm by 75 mm consisting of two sections was employed. The lower 
section was 450 mm in length and contained a single rectangular obstacle, which 
created a 50 % blockage. The upper section of the combustion chamber was varied in 
length form 0.5 m to 1.5 m to control the timing of reflected pressure waves. High 
speed laser sheet imaging at 9000 frames per second was used to image the flame 
propagation process. Pressure measurements were also made inside the lower section 
of the combustion chamber. Results were presented for methane-air mixtures with 
equivalence ratios of 0.8, l.O, and 1.2 respectively. The author's find ings identified 
three different phases of flame propagation over solid obstacles for all concentrations. 
In the first phase the flame impinges on the containing wall and exhibits a moderate 
flame acceleration. The second phase results in the flame decelerating as it starts to 
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roll into the turbulent wake structure formed behind the obstacle. The third phase is a 
result of intense turbulent combustion and causes a high flame acceleration towards 
the chamber exit. Results taken from the high speed visualisation showed the effect of 
mixture concentration on flame arrival time and flame speed. A significant 
dependence on mixture concentration by the flame propagation was found. Flame 
acceleration was highest with stoichiometric mixtures wh ich was attributed to the 
faster time response of stoichiometric flames to fl ow stretching. As with many 
previous investigators lbrahim et al. [18] concluded that the nature of the flow around 
the obstacle and hence the formation of vortex structures in the obstacle wake plays 
an important role in flame propagation. 
2.3 Diagnostic Techniques and their application to Combustion 
Studies 
The desire to develop the understanding of combustion processes has led to the use of 
many different diagnostics techniques. Early work by Mallard and Le Chatelier [39] 
used a photographic technique to visualise the propagation of a combustion wave 
inside a semi-confined geometries. Their work used premixtures of fuel and carbon 
disulfide with oxygen or nitric ox ide in order to obtain flames with suffic ient 
luminosity for the insensitive photographic material of the period. A further example 
of the use of photographic techniques in order to visualise the propagation of a 
combustion wave was by Ellis [40]. Using a rotating shutter camera Ellis visualised 
the flame propagation inside a variety of closed tubes. The work of both Mallard and 
Le Chatelier, and El lis involved the visualisation of the flame front in order to help 
explain the phenomenon and to derive data for flame propagation speeds. 
Development of methods that allow the visualisation of combustion processes has 
produced the schlieren photography technique. An early example of the use of the 
schlieren photography was by Markstein [47) who used the technique to vi sualise 
turbulent flame phenomena. The aim of the work completed by Markstein was to 
study the effect of simple periodic or transient dish1rbances on an otherwise stationary 
flame front in a laminar gas stream. The general schlieren method similar to that 
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adopted by Markstein relies upon changes in the refractive index along a constant 
geometric path. Density variations based on the relationship n,.-1 = 1.5rp where n,., r, 
and p are the refractive index, specific refractivity and the density of the medium, 
participate changes in the refractive index. Thus changes in the temperature and/or 
pressure result in a corresponding change in the refractive index. The profile and 
position of the flame is determined by focusing parallel beams of usually white light 
onto a suitable knife edge. Placing the test section within the parallel light, and a 
camera along the optical path behjnd the knife edge an image of the flame can be 
recorded. The schlieren effect is seen when the refractive index at a particular point 
moves on or off the knife edge. Markstein completed his testing using a slight 
variation of the schlieren techniques described above. Instead of using a knife edge a 
diaphragm with small circular hole was used resulting in a darkening of the recorded 
image for any density gradient. Recordings of the flame were taken using a Fastrax 
camera at a rate of approximately 3300 frames per second. 
The schlieren technique has seen continuous use over the last fifty years as a means of 
combustion visualisation. Andrews and Bradley [25] used three different variations of 
the schlieren method to capture flame position in order to calculate the burning 
velocity of methane-air flames. Vertical knife edge schlieren as discussed above, 
reflection plate schlieren interferometry and Gayhart-Prescott fine wire schlieren 
interferometry was employed in a closed vessel explosion chamber. Chan et a l. [73] 
used schlieren cinematography to visualise the flame structure of a propagating flame, 
generated whilst investigating the effect of confinement on flame acceleration due to 
repeated obstacles. Using a fan stirred explosion vessel Abdei-Gated et al. [78] 
investigated turbulent burning. Flame propagation and flame speeds were determined 
using the schlieren technique with a high speed cine camera and helium neon laser. 
Recently the advancement in laser and camera technology has led to the use of lasers 
coupled with high speed digital cameras to provide visualisation of combustion. Both 
lbrahim et al. [ 18] and Hargrave et al. [77] employed a technique termed high speed 
laser sheet flow visualisation to capture flame structure as a propagating flame 
interacted with a single solid obstacle within a rectangular combustion cham ber. They 
produced a sheet of two dimensional laser light in a plane in the direction of flame 
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propagation. Suitable seeding in the flow then allowed them obtain high quality 
images of the flow and the flame. Atomisation of olive oi l into the premixed fuel and 
air, produced micron sized droplets that acted as tracer particles in the flow. Light 
from a pulsing copper vapour laser was formed into a vertical light sheet and 
introduced into the combustion chamber, illuminating the flow tracers. The laser was 
linked to a high speed digital camera which allowed synchronisation of the laser 
pulses and recordings at a rate of 9000 frames per second. As the flame then 
propagated from the ignition source it consumed the olive oil tracers, which allowed 
clear visualisation of the flame front. Sequences of flame propagation were recorded 
with a separation between frames of O. ll ms, which then allowed the calculation of 
flame fro nt position and flame speed relati ve to the ignition source. Calculation of the 
flame front length was also possible due to the high quality of the images recorded 
and the clear contrast between burnt and unburnt gases. 
As we ll as the use of laser diagnostics to allow visualisation of combustion processes, 
laser based techniques have been developed to help quantification ofvelocity profil es. 
Laser Doppler Anemometry, LDA, is such a method, which provides a point 
measurement of velocity. The technique makes use of interference patte rns set up 
between two intersecting coherent light beams of equal intensity. The intersection of 
the two beams forms an ellipsoidal volume, which contains dark and white bands. As 
a particle crosses these white and dark regions, light is scattered and the intensity of 
this scattered light is proportional to the particles velocity [6]. Starke and Roth [75] in 
their investigation of flame behaviour du ring explosions in cylindrical vessels with 
obstacles used LDA measurements. Particles of MgO were loaded into the 
combustion air and an LDA system was placed perpendicular to the axis of the 
cylindrical combustion chamber. The system enabled them to measure axial velocity 
components of the unburnt mixture ahead of the flame as it interacted with different 
baffl e type obstacles. Axial and vertical components of the unburnt gas were 
measured by Lindstedt and Sakthitharan [71) using an LOA system. Silicone oil 
droplets of 1 IJ.m nominal size were atomised into the gas mixture. Measurements 
were taken at sixty-six points to obtain gas velocities around a single wall mounted 
obstacle. Using alumina oxide solid particles of 1 )..lm nominal size and a typical 
LOA system, McCann [6] was able to provide velocity measurements through out the 
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entire flame propagation process. Investigating flame propagation over a single wall 
mounted obstacle McCann presented velocity vector diagrams around the obstacle, 
based on resolved mean velocities measured using LDA 
Particle Lmage Velocimetry, PTV, is another laser diagnostic technique that allows the 
measurement of velocities within a fl ow field. Unlike the point source LDA 
technique, PrV allows the measurement of velocity data within a predetermined area 
in the flow. Flow tracers in the mixture are illuminated using high power single shot 
lasers that are fired with a known time separation. Light scattered from each 
illumination is recorded using either film or high resolution digital camera. Computer 
software then analyses subsequent images separated by the known time. Each image 
is interrogated by scanning spot sizes across the field. A cross correlation technique 
tracking particles over image pairs is used to determine particle di splacement in each 
spot. T he corresponding velocity of particles within the flow is then calcu lated. An 
example of the use of PIV for combustion studies is by Mueller et al. [65,66] 
investigating the effect of stretch on a fl ame wrinkled by a vortex. The PIV system 
employed by Mueller used two Nd:Y AG lasers to provide illumination of 1.6 J.lm 
diameter hollow spherical ceramic particles used as flow tracers. The ceramic 
particles a llowed measurement of velocities in the burnt and unburnt gas regions. A 
time separation of 50 /..!5 was used between illuminations and the light scattered was 
recorded using a single photographic negative. A commercia l software package was 
used, interrogating each image over a 1.25 mm by 1.25 mm spot size and then cross 
correlating to calcu late the velocity. Renou et al. [79] completed visual isation of a 
freely propagating flame ignited in a turbulent flow field using a high speed laser 
sheet technique. Silicone oil flow tracers were employed which evaporated on 
entrance to the flame front. Images were recorded onto photographic film with a 
separation of 166.7 f.lS. This allowed Renou et al. to complete cross corre lation PIV on 
two successive images taken using the high speed laser sheet technique and measure 
detailed velocity in the unburnt gas ahead of the flame front. 
Laser Induced Fluorescence, LIF, allows the detailed imaging of relative OH 
concentrations within the combustion wave. This provides information on the 
structure of the reaction zone. In LIF excited species are generated by the absorption 
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of laser radiation [80]. The excited electrons then decay back to their ground state and 
produce a LIF signal. The intensity of the signal is proportional to the number of 
excited species and therefore the original concentration of ground state species. In its 
simplest state the exciting laser radiation is in the form of a thin laser sheet. This form 
of LIF is termed Planar Laser Induced Fluorescence, PLIF. Roberts et al. (63] used 
OH PLIF to detect flame quenching during their investigations of a lam inar flame 
interacting with a vortex. The frequency of an Nd:Y AG pumped dye laser used, was 
tuned to match the absorption line of the OH molecule. The emitted fluorescence was 
collected in a wavelength range of 300 nm to 390 nm using an intensified, cooled 
CCD array camera. During investigations into vortex interactions with a rod stabilised 
flame Lee et al. [81] also used OH PLIF for flame front demarcation and the 
measurement of OH intensity profiles along the flame front. 
Contrary to the non intrusive methods offered by photographic and laser based 
techniques, there has been studies which have adopted the use of intrusive methods to 
measure properties of the combustion process. Ionisation probes have been developed 
to measure flame arrival time at points throughout the flame. Hjertager et al. (5] 
employed the use of ionisation probes jn the ir large scale study of flame propagation 
in a tube containing obstacles. Eight regularly spaced ionisation gap probes mounted 
on a rod placed along the combustion chamber centre line were used to measure flame 
position. The data acquired was then used for the ca lculation of terminal flam e speed 
w ithin the combustion chamber. Another intrusive measurement technique employed 
in combustion studies is the use of thermocouples. A thermocouple consists of two 
dissimilar metals, j oined together at one end. Set pairs of metals used in a 
thermocouple have distinct temperature criteria. When the thermocouple is then 
exposed to the particular temperature a voltage is induced across the wires. This 
voltage is then used as a trigger signal either for measurement of temperature or 
arrival of the flame front. There are four common types of thermocouple, type E, J, K, 
and T, manufactured form base metals. Phylaktou and Andrews [9] used 
thermocouples to measure flame travel in a study of flame propagation and interaction 
with an obstacle in a closed tube. They used an array of exposed junction type K 
thermocouples along the centreline ofthe combustion chamber. The time of the flame 
arrival was detected by the distinct change in the gradient of the output signal from 
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each thermocouple. They also used the thermocouples to calculate an average flame 
speed between any two thermocouples. 
Pressure measurement is a further characteristic of combustion that has been 
incorporated into numerous studies. Measurements of pressure have been completed 
within the combustion chamber as a flame propagates or interacts with obstacles 
placed in its path. Hargrave et al. [77] used peizoresistive pressure transducers to 
measure the chamber pressure at two locations as a propagating flame interacted with 
a so lid obstacle. The peizoresistive pressure transducer work with an am plifier. The 
voltage induced across the transducer is amplified and converted to a pressure reading 
over a predetermined range. 
2.4 Summary of Literature with Reference to Work Presented 
Within This Thesis 
This chapter has presented an insight into the theoretical basis for turbulence 
generation and flame initiation. Discussion on the development of turbulent structures 
within flow environments has been presented together with findings on the ign ition of 
premixtures. The development fro m mixture ignition to propagating flame within a 
premixed mixture was discussed with respect to initia l findings. Theory on 
unstretched laminar flame propagation was presented as the basis for development of 
understanding of the combustion process. 
Application of propagating flame theory to practical environments highlighted work 
completed on the interaction between unstretched laminar flame fronts and turbulent 
flow fields in idealised geometries. Literature presented the definition of turbulent 
burning velocity based on the unstretched laminar burning velocity and turbulence 
level of the mixture flow. Further work highlighted the development of combustion 
regime diagrams, produced to provide quantification of turbulent combustion. The 
diagrams were a ll constructed with reference to key combustion parameters. 
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More recently the focus of studies has moved towards the investigation of premixed 
turbulent flames within practical geometries. Experimental investigations have 
introduced blockages into the path of propagating flames to replicate real turbulent 
flames in a laboratory environment. The applications can be linked to flame 
propagation within IC engines or accidental explosions within plant situations. 
Development of the blockage and practical reasoning behind studies has highl ighted 
the need to investigate flame propagation over more realistic solid centra lly mounted 
obstacles. To date only basic visualisation of such s ituations has occurred. 
In terms of diagnostics available to the experimentalist, literature has highl ighted the 
development of non-intrusive optical based techniques. The application of laser 
diagnostics has allowed the capture of detailed data within the experimental 
geometries tested. Further developments to date have allowed the detailed capture of 
flame front propagation and fl ow field develo pment. 
Thus, based on the previous findings highlighted within the literature studied, work in 
this thesis presents the deve lopment of new laser based diagnostic techniques to 
provide accurate high speed visualisation and detailed quantification of flame/flow 
interactions. Concentrating on the three key areas within turbulent combustion results 
will be presented for simple unrestricted flame propagation, flame interaction with 
turbulent vortex structures and, for a more practical application of the techniques 
developed, flame interaction with multiple centrally mounted solid obstacles. 
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CHAPTER3 
OPTICAL DIAGNOSTICS EMPLOYED 
3.1 Introduction 
At the close of the previous chapter a brief overview of previous diagnostic 
techniques employed to investigate combustion processes was presented. It showed 
the requirement of most studies to visualise the combustion process, and highlighted 
the recent advancements in the use of laser diagnostic techniques. Therefore, for the 
purpose of thi s study, visualisation of the flame propagation was achieved using a 
high-speed, laser sheet flow visualisation technique . This chapter outlines the history 
of the laser sheet visualisation technique, together with an overview of the high speed 
system employed for the present study. Details of the equipment and fl ow seeding 
used are presented. 
In order to further the understanding of the processes involved in turbulent prernixed 
combustion, literature presented in the previous chapter showed the need for detailed 
data quantifying the structure of the flow ahead of the flame. The present study 
provides data on flow field velocity using a particle image ve locimetry, PlY, 
technique. The latter part of the current chapter provides a discussion ofthe history of 
PlY and techniques available. Presentation of the two-frame cross-correlation 
technique employed in the present study, together with an overview of the system and 
equipment used then follows. The chapter ends with a discussion of the processing 
and errors associated with tbe data obtained. 
During the studies presented in this thesis two separate combustion chambers were 
employed to investigate premixed turbulent combustion. In order to clarify aspects of 
the laser diagnostics used in the study, such as system orientation and laser sheet 
placement, a brief description of the two rigs is presented. The section introduces, and 
briefly details the dimensions and functionality of each combustion chamber. 
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In both high speed laser sheet flow visualisation and particle image velocimetry the 
use of micron sized particles that act as fl ow tracers is paramount. For the purpose of 
this investigation a detailed discussion into the overall requirements of flow seeding 
for both techniques is presented. The choice of seeding material, with reasoning, is 
given in relation to each diagnostic tool. 
3.2 Combustion Chambers 
For the purpose of the investigation presented in this thesis two combustion chamber 
designs were employed. Each design was specified to provide complete optical 
access, allowing the use of any chosen laser diagnostic technique. This section 
presents a brief outline of both rigs to aid the description of the laser techniques used. 
Further detailed descriptions of each combustion chamber are presented in the 
relevant sections ofthe proceeding chapters. 
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Figure 3 .I Schematic to show general layout of combustion chamber rig L 
The first combustion chamber was designed with two functions. The in itia l study 
completed using the combustion chamber was the investigation of ign ition, flame 
kernal and laminar flame deflagration development. For this purpose the ri g was 
des igned with a square cross section of 150 mm by 150 mm, to allow a relatively 
large area in which the flame could develop radially. The height of the chamber was 
500 mm to provide a distance over which the detlagration wave could fully develop. 
The secondary study completed using th is combustion chamber was the in vestigation 
into flame/solid obstacle interactions. For this study the 500 mm length of the 
chamber allowed the placement of regularly spaced solid obstacles with which the 
flame could interact. In both cases the lower end of the rig remained closed, with a 
flat plate providing the location for mixture delivery and ignition points. The upper 
end of the rig remained open to allow venting of the flame. A schematic of the 
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chamber is presented in figure 3. 1, which for the purpose of this thesis will be termed 
rig I. 
Obstacles 
Combustion 
Chamber 150 mm 
~ ... 
Base Plate 
Mixture 
Delivery 
Location 
150 mm 
~ ... 
r=,=~~l I i
Figure 3.2 Schematic to show general layout of combustion chamber rig 2 
For the second topic of study presented, a smaller combustion chamber was designed 
for the investigation of flame/vortex interactions. The rig also had a square cross 
section of 150 mm by 150 mm to allow the flame to develop radially. lt was 200 mm 
in height, incorporating a set of two obstacles located towards the centre of the 
chamber, as shown in figure 3.2. The obstacles were positioned with a small opening 
between them to allow the generation of a pair of vortices into which the flame could 
propagate. ln the same way as rig l, the second combustion chamber was fu lly closed 
at the lower end. A plate provided the closure and location point of both mixture inlet 
and ignition. The opposite end of the chamber was open allowing the venting of the 
flame. For the remain ing sections of this thesis this chamber will be termed rig 2. 
54 
The containing walls of both combustion chambers were constructed from clear 
polycarbonate to allow full optical access. The transparent walls allowed the 
formation of a thin laser sheet in the rig and the use of a camera located perpendicular 
to the laser sheet to record events. The lower plate of both rig 1 and rig 2 was 
manufactured from aluminium, coloured black to prevent unwanted scattering of laser 
light. 
3.3 Seeding 
The operating principles of laser sheet illumination diagnostic techniques, requires the 
use of flow tracer particles. Recordings of the laser light scattered by the particles is 
used to track their motion. For fluid flow investigations it is essential that the partic le 
motion is representative of the motion of the fluid in which they are located. For the 
purpose of the laser sheet fl ow visualisation diagnostics presented in this thesis there 
are four clear requirements that the seed material used must meet. 
• The scattering partic les must trace the fl ow with sufficient fidelity to 
accurately follow the important turbulent structures studied. 
• The seeding material must scatter enough light to allow definition and 
recording of the mixture movement. 
• In the case of this study, investigating the propagation of premixed fl ames the 
seed material must vaporise on contact with the fame zone at the correct point 
• The combustion of the seed material must not affect the overall combustion of 
the chosen fuel/air mixture. 
In order to define the ability of a particle to follow the turbulent fluctuations in the 
flow structures to be investigated and aid in the selection of seeding partic le s ize, one 
must first consider the governing fluid dynamic equations for particle motion [82]. 
Stoke' s Law and the equation of motion of a partic le can be combined to define the 
viscous force, Fp, acting on a particle of radius, ap, 
55 
_ duP _ 
FP - mP dt - 6ni]JI,ulap(u - uP) (3. 1) 
where mp is the mass of the particle, 'lfluid is the viscosity of the fluid the particle is 
moving in, u is the fluid velocity and up is the particle velocity. This can then be 
integrated to define the velocity, vp(t) , of a particle at time t when the flu id velocity 
remains constant. 
(3.2) 
Thus. after a change in the fluid velocity, the ve locity of the particle approaches a new 
value with a time constant, r:p, given by 
(3 .3) 
where pp is the density of the particles. The ca lculated time constant can then help to 
define the response time of a particular seeding material to the flow structures in 
which it moves. For example the time constant for an olive oil droplet in fluctuating 
air motion can be calculated based on the diameter of the particle using the 
relationship given in equation 3.3. For an olive oil particle of diameter I J.Lm and 
density 920 kgm ·3, in air {TJ = 1.8x I 0·5 kg m -I s"1) the time constant r:p = 2.8 ).lS. 
To further define a particle's abil ity to trace the flow with sufficient fide lity to 
accurately fo llow the important turbulent structures, fluid dynamic equations can be 
applied to quantify the frequency response of a particle to fluid velocity fluctuations. 
By first assuming the flow velocity fluctuations are sinusoidal, having an amplitude, 
u0, and frequency,j;1, an equation of motion can be defined which bas the steady state 
solution given by 
(3.4) 
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where the phase Jag term, rf>t> is calculated using tanr/>1 = 27ifur:P. An adequate 
criterion based on the above time and velocity response can be derived by then 
assuming that for most purposes the variation of vp is equal to that of u within I % at 
the maximum fluctuation frequency present. Thus for a given fluid medium of 
viscos ity, 1'/f/uid, with velocity fluctuation frequency, / 11, a particle of density, pP can 
have a radius, ap, determined using 
(3 .5) 
As an example of the above criterion, olive oil particles of density, pp= 920 kgm-3, in 
a movement of air require a diameter of less than 2.8 Jlm to follow the flow with 
velocity fluctuations up to a frequency of I kH.z, and a diameter less than 0.88 ~un to 
fo ll ow fl uctuations of up to a frequency of J 0 kHz. In practica l turbulent flow systems 
the length and time scales of the turbulent structures present determine the frequency 
of ve locity fluctuations. So the chosen seed materi al particle size is dependent on the 
scale of the turbulence in which it operates. 
The second requirement for the seeding is that each individual particle of the chosen 
material must have the ability to scatter sufficient light to allow recordi ng. The 
magnitude and directional distribution of light scattered by a particle depends on its 
dimensions and material. To define the amount of light scattered by a particle one has 
to consider particle size, particle shape and the refractive index of the particle [82]. In 
general the intensity of the light scattered at a distance R from a single particle may be 
defined in terms of the spherical polar coordinates, B and r/> , of the scattering 
direction of the light PQ, such that 
(3 .6) 
where lo is the intensity of tbe incident light, Xs is the total cross section for scattering, 
and f s(B,rj>) is the angular dependence of the scattered light which represents the 
fraction of light scattered by the particle radiated per unit angle in the direction B, rj> . 
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A schematic ill ustrating the polar coord inates of the scattered light can be seen in 
figure 3.3. 
Q 
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Figure 3.3. A schematic to show the polar coordinates, B and r/J, of a direction of 
scattering from a pa11icle P. The plane PZY corresponding to rjJ = 0, is perpendicular 
to the plane of polarisation of the incident beam 
The theory of light scattering assumes that circular symmetry is present either because 
the particle is or is assumed to be spherical in nature, or only the average scattering 
over all orientations of the particle is of interest. Therefore the variation of scattered 
light intensity w ith the angle r/J only becomes dependent on the po lari sation of the 
incident beam of light. By fi xing the origin of rjJ so that the plane rjJ == 0 is 
perpendicular to the plane of polarisation, the scattered light per unit solid angle in the 
direction B ,r/J can be defined as 
I s (B,rj;) = l 0 X s l.t; (B) cos 2 r/J + / 2 (B) sin 2 rjJ J (3.7) 
where J; (B) and / 2 (B) are the angular scattering functions for light polarised 
perpendicular to and parallel to the plane of scattering, respectively (shown in figure 
3.3 as li ne QPZ). 
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Focusing on equa tion 3. 7 it can be seen that a given scattered light intensity is 
dependent on the intensity of the inc ident light beam and the cross sectional a rea of 
the particle used for scattering. Generalising d1ese, the intensity of the scatte red I ight 
then becomes dependent on the s ize of the partic le and the wavelength ofthe inc ident 
beam of light. Lord Rayle igh [83] during the nineteenth century first categorised the 
intensity of scattered light based on the characteristics of particle radius and inc ident 
beam wavelength. For cases where the radius of the partic le is much smaller than the 
wave length of the incident beam the scattering intensity is reported to be in the 
Rayle igh regime. The scattering intensity in the Rayleigh regime is very small and is 
generally not used in flow visua lisation and velocity fie ld imaging for low velocity 
flows [82]. There are further regimes defined in terms of a particles radius and 
incident beam wavelength. For a particle radius much greater than beam wavelength 
the scattering intensity is in the geometric optics regime. For a partic le radius s imi lar 
when compared to the incident beam wave length, the intensity of the scattered light is 
termed to be in the Mie scattering regime. The definiti on of the Mie scattering regime 
is concerned with the calculation of scattered light intensity from particles that requ ire 
the fu ll use of theory. The formal solution of light scattering from partic les assumed 
to be spheres of arbitrary sizes was first given by Mie [84]. The fu ll theory presented 
by M ie required the complete solution to Maxwell 's equations for an electromagnetic 
fie ld . Maxwell 's equations a re solved in spherical coordinates through separation of 
variables. The results for the light scattering field are expressed as a sum of spherical 
harmonics, with coefficients involving spherical Bessel functions. The solution is then 
found in the far field zone at distances much larger than the incident beam 
wavelength, which can be expressed in terms of two scattering functions, where B is 
the scattering angle 
f. 2n+ 1 r ] S,(B) = L., La,1Z"11 (cosB)+b11 <11 (cosB) 
n=i n(n + 1) 
(3.8) 
f. 2n+ 1 [ ] S2 (B) = L., b,1l" 11 (cos B)+ an r, (cos B) 
n=i n(n+ I) 
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For particles with diameters of more than a few times the incident wavelength, the 
solutions present the use of a large number of terms, which in order to calculate 
requires the use of a computer. Figure 3.4. presents examples of results for calculated 
scattering intensity form spherical particles and incident light beam provided by a 
copper vapour laser. 
1100 
1000 
800 
600 
400 
200 
0 
D_Ol 
Perpendicular polarisation 
J'Jrv"}_ A 
1. 
--- Parallel polarisation 
l 
I I 
1 ~ J~\tl 
2. 
Radius (um) 
' 
' 
~ 
I I 
I I 
' 
' 
I I ~ I 
3. 
Figure 3.4. Plot to show the intensity of light scattered from a single particle of 
varying radius in both perpendicular and paralle l polarisation. The incident beam was 
of 51 0 run wavelength from a point source (source: www.philiplaven.com) 
For tbe purposes of the combustion studies presented in this thesis it is required that 
the seeding material should vaporise on contact with the flame front. The chosen 
material was ca lculated to be consumed by the flame fro nt by comparing the 
temperature profile of the fl ame front and the boi ling point temperature of the seeding 
material, if in the liquid state. Assuming simple flame front theory [1 7] with a linear 
temperature profile it can be shown that the seed material will be consumed within the 
width of the reaction zone. Similarly by comparing the overall heat release of the 
combustion process and tbe beat release during the combustion of the seeding 
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material it can be shown that the addition of seeding material to the fueVair mixture 
does not significantly affect the combustion process. 
I.n the case of high speed laser sheet flow visualisation previous works have employed 
the use of aluminium oxide particles [76,80] and various forms of oil flu ids 
[62 79,85]. The studies produced respectable results for the visualisation of 
combustion zones in various di fferent configurations. However, for this study, the 
quality of the visualisation images obtained by lbrahim et al. [J 8] and Hargrave et 
al. [77] during the investigation of fl ames interacting with solid obstacles was deemed 
to produce the highest quality results. For particle image velocimetry studies the use 
of various di fferent tracer particles has also been well documented. Droplets of 
various oils such as silicone oil [79], or different forms of vegetable oils [86J have 
been used to provide flow tracing. Alternatively studies have incorporated the use of 
solid particle seeding, such as titanium dioxide [87) in flow velocity studies. 
Based on the criteria detailed previous calculations for different seeding materia l 
properties were completed. The resul ts showed the ability of olive oil to meet the 
requirements for both high speed laser sheet flow visualisation and particle image 
velocimetry. Therefore, olive oil was chosen as the most appropriate seeding material. 
for studies presented in this thesis. The advantages of olive oil were further 
highlighted with the quality of results previously obtained by other investigations 
[ \ 8,77]. The availability of olive oil and its inexpensive cost, also added to the 
reasoning for its use [88]. 
In the case of the particle size it was calculated Lrsing equation 3.3 that for olive oil 
seeding droplets of diameter 1 ~m, in a mixture of methane and air 
('7t1uid = l.689x l0-5 kgm·' s·'), the time constant for the response of the particle to fl uid 
motion is 
2 2 ~ 2 
• = pPaP =2(920)(0.5xl0 ) = 3.026,us 
p 97] Jlutd 9(1.689x1 o-)) 
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The calculation shows that for a particle of I )..lm diameter the response time constant 
is short enough for most turbulent flow environments. Further to this the optimum 
particle diameter was calculated using equation 3.5 based on measurements provided 
in literature for typical velocity fluctuation frequencies in turbulent flow situations. 
Assuming a velocity fluctuation,f,,, to be sinusoidal with a frequency of 1000 Hz, as 
with an unsteady premixed laminar flame [89], and a gas mixture viscosity, 
17Jiuid = 1.689 X [ 0 -S kgm-l S-I, then the optimum particle diameter for ol ive oiJ droplets 
was ca lculated to be 2.7 Jlm. For an increase in the turbulence level, so velocity 
fluctuations occur with a frequency of 5000 Hz. the optimum diameter for olive oil 
drop lets was calculated to equal 1.2 Jlm. 
A TSI six jet atomiser was employed to produce the required particle size [88]. The 
model 9306 six-jet atomiser was specifically designed and manufactured to produce 
tracer particles for fluid flow measurement using virtually any liq uid. The atomiser 
incorporates a number of special features, such as having the abili ty to introduce 
particles into a pressurised system using an in built pressure regulator and pressure 
gauge, a se lf-contained dilution system and the ability to select one to six particle 
generating atomiser jets. All these features allow a broad range of control over both 
the particle number concentration and the total particle output. 
A schematic of the TSI six jet atomiser is shown in figure 3.5, highlighting the fou r 
key sub-assembl ies that make up the device. 
• The inlet to the atomiser consists of a pressure regulator and gauge. The 
regulator was used to control the input pressure, which was then displayed on 
the gauge. 
• The atomiser incorporates a dilution system, which was used to vary the 
output concentration. A rotameter is mounted adjacent to the regulator, which 
gave the flow rate of the dilution air. 
• A total of six atomisers were incorporated and located within the liqu id 
reservoir. 
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• The aeroso l outlet assembly was designed to meet the high aerosol output 
demanded when all six atomiser jets were used and/or when high dilution air 
settings were used. 
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Liquid 
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Level Gauge 
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Atomiser Contro l 
Valves 
Input Pressure 
Regulator 
Figure 3.5 A schematic ofthe TSI six jet atomiser model 9306, highlighting the main 
sub assemblies of the design 
The operating principle of the atomisers is simple. As illustrated in figure 3.6, 
pressurised air forms a high velocity jet through a 0.381 x 10-3 m diameter orifice. 
The pressure drop associated with this jet draws up liquid through the narrow tube. 
The liquid is then broken up into droplets by a high velocity air jet. The resultant 
larger droplets then impinge upon the spherical impactor, while the smal ler droplets 
fail to make contact, and form an aerosol that exits through the a specific outlet 
The atomiser operates under input pressures of between 137.9 kPa and 344.8 kPa 
however a typical inlet pressure of around 172.4 kPa was recommended for operation 
in atmospheric conditions. For the purpose of this study the atomiser was operated 
with an input pressure of200 kPa. 
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Figure 3.6 A schematic to show the TSJ six jet atomiser model 9306 atomiser 
assembly and aerosol output 
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The total particle output number was dependent on the number of atomiser jets 
operated and on the input pressure. At fixed input pressures the particle output was 
directly proportional to the number of jets that open. The aerosol flow rate per jet 
running with input pressure of 200 kPa could then be calculated to equal 7.2 Lmin-1• 
Figure 3.7 shows data for particle size distribution using olive oi l as the liquid in the 
six-jet atomiser. The figure highlights the ability of the chosen atomiser to produce 
particles of a diameter that will trace the flow, following the turbulent structures 
studied with sufficient accuracy. 
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Figure 3.7 Particle size distribution results for the TSI six jet atomiser model 9306 
using olive oil as the seeding liquid. Results taken were diluted and so show lower 
concentrations than actual atomiser output [88] 
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lt was calculated that the olive oil seeding would be consumed by the flame front. A 
comparison between the boiling temperature of olive oil and calculated flame 
temperature was made. Assuming the flame front had a linear temperature profile 
ranging from the temperature of the unburnt gas, Tu, to the temperature of the burnt 
gas, T6, a temperature gradient for the width of the flame front was derived. Taking 
Tu= 298 K based on the surrounding atmospheric conditions and assuming that due to 
heat losses and dissociation the burnt gas temperature would be below the adiabatic 
flame temperature, T6 =2150 K [13]. The Iaminar flame front thickness for a 
methane-air flame at stoichiometric equivalence ratio has been shown to equal to 
I mm [I 7], and so taking this as the flame thickness, 8, the calculation of the 
temperature gradient was completed using dT/dx = (T6 - T~JioL. The boiling point 
temperature of olive oil is presented to be 573 K [90], combining this with the 
temperature gradient was shown that the distance into the flame front required for the 
consumption ofthe olive oil seed ing is 0.148 mm. This distance is less than halfthe 
width of the assumed flame front. If further time and therefore distance is a lso 
required to heat the particle in the process of consumption of the olive o il there still 
remains a larger percentage of the flame front width. 
The heat release from the combustion of the olive oil seeding in respect to the heat 
release from the combustion ofthe fuel was calculated to be negligible. By assuming 
that in a 1 mm3 volume within the unburnt mixture there are 20 droplets of olive oil 
each having a nominal diameter of 1 )..lm, the addition of heat to the combustion 
processes has an insignificant effect. The energy of provided by the olive oi l droplets 
occupying a volume of 1.047 x 10' 17 m3 was calculated to be 3.65 x 10-10 kJ. The 
remaining volume was assumed to be occupied by the fuel. For the case of methane 
the energy provided was then calculated to be 3.5 x 10-5 kJ. The energy provided by 
the olive oil is less than 0.002% of the energy provided by the methane in a 1 mm3 
volume within the combustion chamber. So the effect of the presence of the seed 
material in the mixture is negligible. 
For the studies presented in this thesis the seeding was introduced into the premixed 
charge prior to entering the combustion chamber. A reservoir of olive o il in a liquid 
state was stored in an atomiser. Droplets of olive oil were then formed by passing the 
supply of compressed air that was used as the oxidant through the reservoir via 
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vertical jets. A maximum of six jets were present in the atomiser, with the output end 
of each jet located in the olive oil reservoir. This allowed the production of seeding 
particles with a nominal particle diameter of L J.tm. The density of seed materia l 
introduced to the combustion chamber was controlled via the atomiser. The required 
density was determined by the laser diagnostic technique to be used. A detailed 
discussion of the flow seeding technique together with mixture preparation and 
delivery system will be presented in chapter 4. 
3.4 High Speed Laser Sheet Flow Visualisation 
3.4.1 History of Laser Sheet Flow Visualisation 
As discussed in the final section of the previous chapter, the application of flow 
visualisation to flame propagation studies is a key method for improving the 
understanding of both local and global processes. Early work involved the use of 
additives to the fuel/air mixture to improve luminosity, and s imple photography using 
shutter cameras to capture the flame front [39,40]. Development of the schlieren 
technique, which relies on changes in refractive index, also allowed the capture of 
flame front movement [25,47]. However, with the development of laser techno logies 
a new method of imaging the flame propagation was introduced. The use of laser 
tomography was first introduced by Boyer [85]. The method allowed the acquisition 
of a plane cross-section of the flame, and thus, the ability to visualise the shape of the 
flame front. An oil aerosol was injected into the unburned mixture, and a laser beam 
was formed into a thin sheet, which illuminated the combustion zone. The oil particles 
scattered the laser light in the unburned region, but in the area where the flame had 
passed tbe oil had been evaporated and burned , so did not scatter the light. Boyer used 
s imple photographic film recording techniques to record the development of the flame 
front. 
Over the last decade a number of studies have included the use of laser tomography to 
investigate turbulent combustion. Roberts and Driscoll [62] used laser tomography to 
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visua lise a flame/ vortex interaction. The diagnostic method incorporated an argon-ion 
laser to provide the thin laser sheet, and a 16 mm camera that operated at 300 frames 
per second for imaging. Further investigations have used a copper vapour laser to 
provide the illuminating light sheet required for laser tomography [76,79). Recent 
studies by Ibrahim et al. [1.8] and Hargrave et a l. [77J have also made use of a copper 
vapour laser. These investigations synchroni sed the pulse output of a copper vapour 
laser to a high speed digital camera allowing the capture of flame propagation images 
at upto 9000 frames per second. 
3.4.2 Overview of High Speed Laser Sheet Flow Visualisation 
The experimental equipment used for flow and flame visualisation studies during each 
section of the investigation can be considered as a number of individual components. 
A schematic of the basic layout of these systems is presented in figure 3.8. For studies 
presented in this thesis the use of two optically accessible combustion chambers, as 
described in section 3.2, were employed. Rig I was used for propagating flame and 
flame/obstacle studies. The smaller rig 2 was designed for the investigation of 
flame/vortex interactions. Full details of each chamber will be given in the relevant 
proceeding chapter. The mixture contained within each combustion chamber was 
seeded. A thin laser sheet needed for illumination was formed vertically in the 
combustion chamber using a series of optics. The intense, rapidly pulsing laser light 
was provided by the copper vapour laser system. Scattered light from the seed 
material was then imaged using a high-speed digital camera that was synchronised to 
the laser pulses. For each investigation area presented in this thesis the exact details of 
the visualisation setup relative to the combustion chamber used will be given in the 
relevant chapter. The details of the components incorporated in to the high speed laser 
sheet flow visualisation, HSLSFY, will now be described. 
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Figu re 3.8. Schematic of the experimental high speed laser sheet flow visualisation 
setup used during the flow visualisation studies. The schematic shows the system set 
up with rig 1 
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3.4.3 Copper Vapour Laser 
T he copper vapour laser employed to provide the illuminating light sheet for use in 
the HSLSFV system was an Oxford Lasers mode l LS 20-50. The working princ iple of 
a copper vapour laser is the excitation of copper atoms by collis ion with high energy 
e lectrons. In this process the copper atoms are preferentially excited from a ground 
state to an upper laser level state. Through this excitation process a population 
invers ion is created where more copper atoms are in the upper laser leve l state than 
the lower laser level state. T he net result is an optical gain on the transition between 
the two levels. This evolves a laser pulse with a wavelength defined by the difference 
in energy between the two levels. During the course of the laser pulse copper atoms 
then de-excite. The fa ll of atoms back to the lower laser level causes the emission of 
laser photons. The lower laser level population continues to increase during the laser 
pulse until it matches the population of the upper laser level. At this point there is no 
longer gain and the pulse is terminated. This fact means the copper vapour laser can 
only be operated as a pulse laser. 
The laser light emission of the copper vapour laser used in this study consisted of two 
wavelengths. The first wavelength was a green component, having a wavelength of 
510.6 nm. The second component of laser I ig ht was yellow and had a wavelength of 
578.2 nm. T he copper vapour laser has the abili ty to run at a pulse re petition 
frequency as high as 50 kHz with a standard operating pulse re peti tion frequency of 
10 kHz. However for the basis of th is study the laser was operated at 9 kHz, which 
was matched to the dig ital camera incorporated in the HSLSFV setup. The digita l 
camera provided a timing pulse for external control of the laser, allowing the 
synchronisation of the two components. Pulse energies provided by the laser were 
then typically 2 mJ with a pulse width of 15-30 ns. This pulse specification a llowed 
the effective freezing of motion of the seeding materia l within the combustio n 
chamber w ith sharp image recordings on the digital camera 
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3.4.4 Beam Delivery and Light Sheet Optics 
The schematic diagram presented in figure 3. 8 shows the general layout of the optics 
used to form the light sheet. The copper vapour laser produced a collimated beam of 
laser light. The beam was then directed through 90 ° using a dielectric mirror, to 
fo llow the path of a flight tube. At the end of the flight tube a second dielectric mirror 
directed the beam down the path of the light sheet forming optics contained within an 
enclosure. The light sheet optics consisted of a bi-convex spherical lens of 1500 mm 
focal length, and a plana-convex cylindrica l lens of 60 mm focal length. The bi-
convex lens focused the collimated beam to the point of interest in the flow. The 
piano-convex cy lindrical lens expanded the beam in one phase to generate a thin laser 
sheet. The combination of the two lenses placed in line, as shown in figure 3.9, results 
in the formation of a thin laser sheet. 
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Figure 3.9 Schematic to show the optics required to form a thin laser light sheet 
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For the studies presented in this thesis the thickness of the laser sheet remained 
constant at approximately 1 mm. In all cases the vertical laser light sheet was 
introduced horizontally through the right hand side wall of the combustion chamber. 
The vertical position of the light sheet relative to the combustion cham ber was varied 
depending on the area of interest. The exact details of the area of interest investigated 
will be presented in the relevant sections of forthcoming chapters. 
3.4.5 Flow Seeding 
As discussed previously, the predominant principle of laser sheet flow visualisation 
invo lves the imaging of light scattered by particles introduced to accurately trace the 
important turbulent structures with in the flow. The oli ve oil tracer particles chosen at 
the start of the study meet the four clear requirements, as detailed in section 3.2. For 
the purpose of flow visualisation, the density of the seed materia l within the 
combustion chamber was controlled using a TSf six jet atomiser. The atom iser 
allowed a particle output concentration of upto 4 x I 06 particles per cubic centimetre 
[88]. This provided the required level of seeding in the mixture to give good qua lity 
image defin ition. 
3.4.6 Imaging System 
The high speed digital camera used to visualise and record the laser light scattered 
form the olive oil seed material was a Kodak Ektapro HS Motion Analyser model 
4540. The motion analyser consists of two key components, the Kodak Ektapro HS 
Imager and the Kodak Ektapro HS processor. The Imager uses a 256 by 256 pixel 
CCD array, which prov ides sensitivity equivalent to that of ISO 3000 wet film at 
high-level gain settings. It operates with an 8-bit grey scale resolution, allowing 256 
grey scale levels of light intensity. The imager is linked to the processor, wh ich 
operates with random access memory, RAM, allowing the storage of images at speed. 
The motion analyser system thus allows the recording of full frame images at upto 
4500 frames per second. This provides an exposure duration of l/4500 J..lS or 222 J..lS 
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for all full frame recording rates. Alternatively the motion analyser system can be 
operated in a segmented frame manner, which allows the capture of images at upto 
40500 frames per second and a correspondi ng exposure time of24. 7 J.LS. 
Prior to any recording, the aux mem function on the image processor was employed. 
The electronics within the motion analyser can cause fixed pattern no ise and shad ing 
errors in the images seen. These unwanted artefacts can be corrected with the use of 
the aux mem function and with the lens cap in place. A recording is made and the 
processor then inverts the recorded artefacts and sums the result with the output video, 
cancell ing out the unwanted artefacts. Four di fferent capture methods are then 
available for use with the motion analyser, start, centre, end and random. These all 
work on an initial trigger signal controlling the recording. In the start mode, the 
processor will record images up until the memory is fu ll from the in it ia l trigger. The 
processor records an equal number of images before and after a trigger signal is 
received, when operating in centre mode. For the end mode function, the processor 
reco rds images up until a trigger signal is received. Alternatively using the random 
mode, the processor records either I, 2 or 4 images depending on preference, each 
time a trigger signal is received. 
For the purpose of the work presented in this thesis the motion analyser was operated 
at 9000 framers per second . This gave an image size of 128 by 256 pixels or half-
frame. The memory of the processor used was 192 megabytes which allowed the 
record ing of 6144 frames at the given fra me rate. The exposure time at 9000 frames 
per second is equal to 1 I I J.I.S, which allowed a tota l recording time of 0.683 s. The 
system was operated in the start mode, with the initial trigger req uired for capture 
provided by an external TTL pulse. As described previously the motion analyser 
prov ided a ITL pulse train to drive the copper vapour laser, which ensured the two 
systems were properly synchronised. 
The imager was positioned perpendicular to the laser light sheet produced within the 
combustion chamber as shown in figure 3.5. The height of the imager re lative to the 
light sheet was dependent on the area of interest investigated and will be discussed in 
detai l in the re levant chapters. The area of interest also dictated the lens used for the 
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study. In most cases presented in this thesis a I 05 mm focal length Micro Nikkor lens 
was employed to visualise the majority of the combustion chamber. 
3.4.7 Errors 
The HSLSFV technique allowed the visualisation of a two-d imensional section within 
the now. Thus visual isation of three-dimensional now structures within the now was 
not available, resulting in a limitation of this system. 
The technique is primarily for visualisation purposes, however secondary quantitative 
data can be gathered from each frame of the recordings. Using HSLSFV for flame 
propagation studies, secondary data on the flame arrival time, flame position and 
therefore flame speed can obtained. The errors involved in this data can result from 
the collection of high speed images. Magnification effects of the lens used on the 
camera can lead to errors in the exact defin ition of the region of interest. Errors in 
flame arrival time can also result from de lays in the triggering of the record ing 
system. A more specific quantification of errors involved in each study completed in 
this thesis will be given in the relevant proceeding chapters. 
3.5 Particle Image Velocimetry 
3.5.1 History of Particle Image Velocimetry 
The origins of particle image velocimetry are linked to an early optical solid surface 
measurement technique. Speckle metrology was first introduced by Burch and 
Tokarski [91] in 1968. Their technique involved the illumination of a rough surface 
by a coherent laser light source. Multiple light scattered from the surface resulted in 
the formation of speckle interference patterns, which were photographed using a 
double exposure film. The speckle pattern translations recorded in the image plane of 
the multiple exposure film allowed the derivation of the solid surface displacements. 
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The technique was named laser speckle photography, LSP. By analysing a local area 
of the fi lm negative, the speckle patterns were assumed to be identical but laterally 
shifted with respect to each other. A spatial correlation between the patterns produced 
a diffraction pattern consisting of Young 's fringes superimposed on a speckle 
background. Using optical processing the spacing and orientation of these fri nges 
allowed the derivation of surface displacements. 
Dudderar and Simpkins [92] pioneered the adaptation of the LSP so lid surface 
technique to measure fluid flow. They introduced seed material into the flu id to act as 
flow tracers. By illuminating the flow tracers using a thin light sheet, an effective 
solid surface within the fluid was formed. This was photographed using a multiple 
exposure film to provide a simiJar image to that obtained for soJid surface LSP. 
Translations in the speckle pattern produced were then used to calculate the fluid 
displacement. Subsequent investigations by Meynart [93] also app lied the LSP 
technique to fluid flow measurement. A sheet of laser light was used to provide the 
surface within a flow seeded with tracer particles. Twin images were taken on a 
photographic negative and then analysed to produce particle displacements over a 
known time interval. This allowed the calculation of velocity and hence the 
production of an instantaneous two dimensional velocity field within the flow. 
A brief analysis of the LSP techniques by Pickering and Halliwell [94] discussed the 
work of Meynart [93] on fluid flows, and names given to the technique, such as 
speckle velocimetry and scattered light speckle metrology. However, they proposed 
that the diffraction limited image produced when using LSP on fluid flow did not 
become a speckle pattern unless the seeding density was high enough to create a 
multitude of overlapping diffraction limited particle images. So Pickering and 
Halliwell [94] termed the technique particle image velocimetry, PIV. They 
investigated the new PIV technique with respect to noise contributed by the recording 
process and found that phase noise dominated. Adrian [95] also investigated the 
application ofLSP to fluid flow, discussing the need for high seeding density in order 
to achieve speckle patterns. It was highlighted that in practical fluid flows it would 
not be possible for speckle to be present and so images of discrete particles would be 
recorded instead. Thus the mode of operation would change from laser speckle 
velocimetry to particle image velocimetry. 
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Particle image velocimetry has been developed over the period since its first 
introduction by a number of laboratories. The method is now well established with its 
limitations and strengths understood and well documented [96]. The parallel 
development of digital cameras, computer processors and complex software has also 
furthered the development of PIV. The arrival of high resolution digital cameras has 
allowed the development of digital particle image velocimetry, DPIV, which, together 
with powerful processors available today, allow the mapping of complex flow 
velocity fie lds in real time 
3.5.2 Particle Image Velocimetry Analysis Techniques 
The data acquired using PIV, involves the capture of the relative positions of seeding 
particles in the flow within a chosen region of interest. The particles are illuminated 
by subsequent laser pulses, which are separated by a known time interva l. The 
technique requires a minimum of two laser pulses separated by a time interval dt. The 
duration of dt is dependent on the nature of the flow structure studied. It must be 
matched to the velocity of the flow to ensure that there is enough separation to detect 
particle motion, yet the separation must remain short enough to avoid out of plane 
motion and image streaking The particle position at each instance within the region of 
interest is recorded digitally using a CCD camera, similar to that of the HSLSFV 
though having a much higher resolution .. 
In order to quantify the type of image obtained and therefore determine which method 
of analysis technique is to be used the density of tracer particles in a PIV recording 
has to be examined [86]. For the case of where individual particles can be imaged 
with the first exposure, and second exposure, see figure 3.10 (a), tracking individual 
particles, and identifying particle pairs allows the derivation of particle velocity. This 
method is referred to as Particle Tracking Velocimetry, PTV. In the opposite extreme, 
the density of the seed material is increased further and the particles become 
overlapped. An example of an image showing overlapped particles can be seen in 
figure 3.10 (b). This represents the case were a speckle pattern is formed, and 
76 
generally the analysis requires the use of Laser Speckle Velocimetry, LSV. For the 
intermediate case, as shown in figure 3. 10 (c), there is a sufficient number of particles 
to a llow the determination of the flow velocity. However, it is no longer possible to 
obtain flow velocity by visual inspection as with particle tracking. The probable 
displacement of the particles within a number of interrogation regions is then derived 
using a standard statistical model. This techn ique is known as Particle Image 
Velocimetry, PlY with a correlation process. 
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Figure 3.10 Examples of image types obtain with specific image denisty: 
(a) representing PTV, (b) representing LSV, (c) representing PIV 
For evaluation of the area of interest using PIV, the recording is subdivided into small 
sub areas termed ' interrogation regions' . The analysis involved in PIV is then the 
simple determination of the distance the particles have moved in the time between 
laser pulses within each interrogation region. The local displacement vector is 
determ ined for each interrogation region by means of statistical methods. The two 
most common methods to determine thi s distance are particle tracking and 
correlation [97]. 
In terms of correlation there are three variations of the statistical methods that can be 
used in the analysis process for PlY images, Auto-correlation, Single frame cross-
correlation, and Two frame cross-correlation. The differences in the correlation 
techniques are based on the image window areas of the fi rst and second partic le 
images [86,97]. In auto-correlation the same image window is used for both the first 
and second image wi ndow on the same frame. Single frame cross-correlation uses an 
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offset between the second image window and the first image w indow on the same 
frame. In two frame cross-correlation the first image window is on one frame and the 
second image window is on a subsequent frame. 
Auto corre lation is the classical PIV processing technique and is used for multiple 
exposure images. It provides the particle displacement field, which shows the distance 
between each particle and every other particle in the interrogation region [97]. The 
corre lation routine is described by 
K L 
R(x,y) = LLJ(i, j )l(i +x,j + y) (3.9) 
I=K j=L 
where R(x,y) is the autocorrelation of the light intensity distribution J(i,j) and 
I(I+x,j+y) at time t and t+dt respectively of the same particle image [86]. The 
computed intens ity spectrum field contains information about distances between 
particle images in terms of intensity peaks. The maximum intensity peak is at the 
centre of the field, at a displacement of zero. This peak represents the correlation of 
each partic le image w ith itself. At the distance between the partic le image pairs the 
first di splacement peak is found. The auto correlation function is symmetrical so that 
each displacement peak has a peak equal in size in the opposite direction. One peak is 
the distance between the first and second particle images, the forward velocity, and 
the other is the distance between the second and first particle images, the negative 
velocity. If there are no reverse velocities in the flow then the correct peak is selected 
by choosing the search area. If there are fl ow reversals, image shifting is used to 
resolve directional ambiguity. Typically in most commercial codes a two dimensional 
Fast Fomier Transfonn, 2D FFT is employed to calculate the auto corre lation 
intensity field . 
Single frame c ross correlation is also a multiple exposure technique, using a doub le 
exposure image similar to the image used in auto-correlation [97]. The difference is 
the image window area in the second exposure is offset from the first image window 
area. The offset is typically a distance given by the mean particle image displacement 
distance. This can cause an overlap between the first image window area and the 
second image window area, which determines the processing of the single frame 
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cross-correlation. When there is no overlap between the first and second image 
window area the correlation routine used has only the particle displacement peak and 
noise peaks. The zero velocity peak present in auto-correlation is not produced as 
there are no particle images correlating with themselves. Also the negative velocity 
peak, which is equal in magnitude but opposite in direction is not produced. The order 
of the particles is known, so there is no ambiguity in which particles came first. When 
the image shift distance is less than the image window size the first and second image 
window areas are overlapped. This causes zero velocity and negative velocity peaks 
to be present in the correlation. The cross-correlation function genera lly performed on 
the single frame cross correlation technique employs the use of a sequence of 
2DFFT's [97]. 
Two frame cross correlation uses two image frames, with one pulse of light for each 
frame. The flow velocity is found by measuring the distance the particles have moved 
from frame I to frame 2 [97]. Complete separation of the first and second particle 
images is ach ieved by recording only images from the first laser pulse on frame l and 
images from the second laser pulse on frame 2. This allows the ve locity to be 
measured without directional ambiguity and the determination of particles with zero 
velocity. As with the single frame technique, a discrete cross correlation routine is 
applied to both image interrogation regions taken at time t and t+dt respectively. The 
routine is given by 
K L 
R11 (x, y) = LL)(i,j)l1 (i + x,j + y) (3. 10) 
r=K r=l. 
were R11(x,y) is the cross correlation of the intensity distribution I and 11, I(x,y) is the 
ini tial interrogation region light intensity distribution at timet and 11(i+xj+y) is the 
second interrogation region light intensity distribution at time t+dt [86]. Typically a 
2DFFT is used to obtain a cross correlation intensity spectrum, which as with the auto 
correlation method contains the information needed to compute particle 
displacements. 
The use of a 2D FFT as an alternative to direct calculation of the correlation routine in 
order to derive the intensity spectrum is now commonplace in commercial PJV 
79 
software packages [86]. The alternati ve to ca lculating the cross correlation routine 
using equation 3. 1 0, takes advantage of the correlation theorem. This states that the 
cross correlation of two functions is equivalent to a complex conjugate multiplication 
of each functions Fourier transforms. Since 
(3.1 1) 
were J represents the Fourier transform of function /, and J,· represents the complex 
conjugate of function 11• 
3.5.3 Overview of the Particle Image Velocimetry System Used 
The experimental equipment used for the study and quantification of flow velocities 
during each relevant section of this investigation was based on a commercia lly 
available PlY system. The system can be considered as a number of individua l 
components. The layout of each of these components is shown in figure 3. 11 with 
respect to each other. As with the HSLSFY setup presented in section 3.3 the use of 
two optically accessible combustion chambers to contain the mixture was employed. 
Rig I , 150 by 150 by 500 mm was for laminar flame and flame/obstacle stud ies and 
the smaller Rig 2 for flame/vortex interaction investigations. The mixture contained 
within either combustion chamber was initially seeded. A thin laser sheet required for 
illumination was formed vertically in the combustion chamber using a series of opt ics. 
The two short pulses of laser light required for PlY were provided by a duel head 
Neodynium-YAG, Nd:YAG, laser. The scattered light from the fl ow tracing seed 
material was then imaged using a high reso lution digital CCD camera operating in 
twin frame mode. A timing synchroniser box prov ided synchronisation of the camera 
frame triggers, and fi ring of the lasers. The timing synchroniser box was controlled by 
software, which in turn was linked to the camera frame grabber. 
For each investigation area presented in this thesis the exact details of the PlV system, 
relative to the combustion chamber, will be given in the relevant chapter. Details of 
each individual component involved in the basic PIY system will now be discussed. 
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Figure 3.11 Schematic of the experimental digital PIV setup used during the flow 
velocity measurement studies. The schematic shows the system set up with rig I 
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3.5.4 Nd:YAG Laser 
The Nd:Y AG laser employed to provide the illuminating light sheet for use in the PJY 
system was a New Wave Laser model Solo III. The working principle ofthe Nd:YAG 
laser is that of a solid state laser, were the beam is generated by Nd3+ ions. It contains 
three main components, the laser material, the pumping source and the mirror 
arrangement [86). The laser material used is yttrium-aluminum-garnet which is 
commonly known as aY AG crystal. The pump source of the laser, which provides the 
excitation of the laser material by electromagnetic energy is white light generated by a 
flash lamp. The mirror arrangement, which generates oscillations within the laser 
material is provided by a resonator. Similar to the copper vapour laser, atoms within 
theY AG crystal are excited from their ground level energy state, to a an upper laser 
level state. In the case of the Nd:Y AG laser there are four energy levels the atoms 
move through. Atoms excited travel from the ground state, through the lower and 
upper energy levels to the pump level. Then as a result of rapid non-radiative 
transition, movement to the upper laser level occurs. The atoms remain at this level in 
a metastable state for a relative long period before falling to the lower laser level. The 
energy transfer through pumping results in a population inversion that causes 
spontaneous emission in all directions. This results in a chain reaction in radiation 
emission. By placing the laser material between two exactly aligned mirrors, the 
mirror arrangement then forms an optical resonator, which is contained within the 
optical cavity. This design al lows tl1e laser to produce many successive laser pulses 
during the pump pulse of the flash lamp. Inclusion of a quality switch, Q-switch, 
wh ich has the ability to alter the resonance characteristics of the optical cavity allows 
the laser to be operated in a triggered mode. At normal operating conditions the 
Nd:YAG laser emits the strongest wavelength of laser light, 1064 nm. 
The configuration of the Nd:YAG laser used for studies presented in this thesis was a 
dual head laser with second harmonic generator body. The second harmonic generator 
is a non linear crystal, angled KTP type crystal, that is used for the frequency 
doubling of the Nd:Y AG laser emission. This simply converts the infrared light of 
wavelength 1064 nm into visible green light of 532 nm wavelength. Each solo laser 
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head employed a dual flash-lamp pumped Nd:Y AG rod head in a thermally 
compensated resonator to provide two beams each 532 nm wavelength. The laser 
pulses produced had a maximum repetition frequency of 15 Hz when in continuous 
mode. Each laser provided pulse energies of typically 50 mJ per pulse with a pulse 
width of 4-6 ns. The lasers were individually controlled with separate flash lamp and 
Q-switch triggers to provide correct timing required for PIV. The pulse specification 
provided the required illumination of seeding material needed for PIV measurements. 
3.5.5 Beam Delivery and Light Sheet Optics 
The schematic shown in figure 3.11 shows the general layout of the optics used to 
form the light sheet required for PIV. The combination of lenses is simi lar to the 
HSLSFV light sheet optics in principle. Optics used for the PlY technique included a 
spherical lens and cylindrical lens to provide a thin laser sheet that could be 
introduced horizontally into the combustion chamber. 
The Nd:Y AG laser provided two internally aligned collimated beams which were 
passed through a cylindrical lens, then spherical lens attached to the output point of 
the laser head. The required area for the laser sheet to illuminate determined the focal 
length of the cylindrical lens required. These lenses were, piano-concave with 
negative focal lengths of -15 , -25, -50 mm, which caused the beam to diverge. The 
spherical lens was a bi-convex type lens w ith a focal length of 1000 mm, which 
focused the beam in one plane to form a thin sheet. The combination of the two types 
of lenses on the laser beam can be seen in the schematic presented in figure 3 . 12. The 
light sheet was directed through 90 ° using a standard Nd:Y AG mirror and introduced 
into the combustion chamber being studied. 
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Figure 3.12 Schematic to show the optics required to fom1 a thin laser light sheet 
3.5.6 Flow Seeding 
The predominant principle of PIV involves the detailed imaging of light scattered by 
particles introduced to accurately trace the important turbulent structures within the 
flow. As discussed in section 3.2, the results for olive oil seeding material showed it 
met the requirements outlined in the four key cri teria. Thus, olive oil was chosen at 
the beginning of this study to provide the flow seeding. 
A further criterion that must be met in the seeding of flows investigated using PlY, is 
that the density of the seed material must, when image analysis is completed, provide 
va lid correlati ons. As discussed in section 3.5.2, too little seeding in the image area 
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requires the use of PTV technique. In contrast, having a seeding density too high, 
results in the need to use the LSV technique. An acknowledged rule of thumb for PIV 
analysis concerning the seeding material is that there should be no more than 10 
particle image pairs per interrogation region [97]. Figure 3.13 shows results for the 
correlation between correct velocity measurement and number of particle image pairs. 
The data shows that a probability of 99 % valid data occurs at 10 particle pairs per 
interrogation region. The seeding level within the flow therefore must be controlled to 
meet this parameter. For the PlY studies presented the level of seeding in the flow 
was achieved with the use of the TSI s ix jet atomiser model 9306. 
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Figure 3.13 Correlation of correct velocity measurements with the number of particle 
image pairs [97] 
The working principles of the TSI atomiser will be discussed in detail in chapter 4. 
The maximum particle output concentration of the atomiser was 4 x 106 particles per 
l cm3. Using an interrogation region of l mm by 1 mm, in a light sheet 1 mm thick, 
provides 2000 particle pairs. This is two orders of magnitude above the required 20 
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particle pairs per interrogation region and highlights the ability of the atomiser to 
match the required seed density. 
3.5.7 lmaging System 
The high resolution digital camera used to record the laser light scattered from the 
olive oil tracer particles was a TSI PIVCAM 10-30 model 630046 [97]. The camera 
uses a I 008 by l 018 pixel solid state CCD array full frame imager. This provided an 
active image area equivalent to 9.072 mm by 9.1 62 mm, with a pixel centre to centre 
spacing of 9 J.lill by 9 ).till . The camera operates with an 8 bit digital video output 
allowing 256 grey scale levels. Control over image gain was availab le, adjusting the 
slope between pixel charge and digital pixel intensity to increase image brightness. 
An offset function was also present to improve image signal to noise ratio. 
The camera cou ld be operated in three modes providing different exposure times. 
Continuous operation in free run mode resulted in an exposure time of 32.436 ms and 
a frame rate of 30 frames per second. Triggered single exposure images could also be 
acquired for auto-correlation or single frame cross correlation PIV techniques. The 
camera operated with an exposure time of 33.436 ms. Asynchronous double exposure 
mode a llowed the camera to frame straddle a pair of images less than 300 )lS after an 
external trigger. This mode allowed the capture of two images of different exposure 
times. The first image had an exposure time of 255 )lS and the second image an 
exposure time of 32.436 ms. The second frame exposure time was just long enough 
for the camera to transmit the first image to the frame grabber. 
For the purpose of the work presented in this thesis the camera was operated in frame 
straddle mode. The control of the camera was provided by TSI Insight software, 
installed on the connected PC containing the frame grabber. The camera was 
positioned perpendicular to the laser light sheet as shown in figure 3.1 1. The height of 
the camera was constant with the position of the I ight sheet and controlled by the 
movement of a z direction traverse. The area of interest studied dictated the lens used 
in each study. Typically a 105 mm Micro Nikkor lens was employed, however the 
86 
specific details regarding lens use will be discussed in the relevant section of the 
following chapters. 
3.5.8 PIV Processing 
For the PlY studies presented in the proceed ing chapters of this thesis a two frame 
cross correlation technique was employed. This type of technique has been 
documented as being superior to auto correlation methods [98], having the best signal 
to noise ratio, no directional ambiguity and the ability to measure zero velocity. As 
discussed previously the technique involves the capture of two separate particle 
images on separate exposures. Each images is then sub divided into interrogation 
regions and particle tracking over two corresponding interrogation regions in image 1 
and image 2 is completed. A 2DFFT is then perform ed on to produce a power 
spectrum field, whose peak represents the typical distance moved by the particles in 
that interrogation region. 
This study involved the use of commercially avai lable software, TST Insight Version 
3.3 to provide the control of the PIV system components and two frame cross 
correlation calculation [97]. The timing of the components is shown in the tim ing 
diagram presented in figure 3 .14. The pulse delay was dependent on the flow 
structures studied and will be detailed in the relevant section of the forthcoming 
chapters. 
Images were transmitted to the frame grabber, installed in the PC runn ing the Insight 
software. The image pairs were analysed using the Insight two frame cross correlation 
technique with FFT algorithm. Images and ve locity data were saved in corresponding 
folders and stored in a set directory. Post processing of the calculated vector files was 
also completed at a later date. The Insight software allowed the validation of vector 
fi les to be completed [97). In built functions for standard deviation, range, median, 
mean and smooth filtering allowed the processing of irregular velocities. Details of 
the validation performed on results presented will be given in the relevant sections. 
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3.5.9 Errors 
The overall accuracy of the PlY measurement technique is a combination of a number 
of aspects extending from the recording process to the methods of evaluation [86]. 
The absolute measurement error involved in the estimation of a single displacement 
vector, £:10 1 , can be decomposed into a group of systematic errors, t:sy.<, and a group of 
residual errors, t: resld, such that 
(3.12) 
The systematic errors result from all errors which arise due to the inadequacy of the 
statistical method of cross correlation. The inadequacy involves the application of the 
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method to interrogation regions containing a high velocity gradient, which may result 
in the loss of particle pairs. The use of inappropriate subpixel peak estimator may also 
add to the systematic error. 
Residual errors remain in the form of measurement uncertainty [86]. [n PIV invo lving 
cross correlation of digitally obtained images, error evolves from the probability of 
accurately defining sub pixel displacements of the particles. In real flow situation 
particles move with fractional displacements, which reduces the probability of 
quantifying sub pixel displacements. Random error also contributes to the 
measurement accuracy of a PIV system. Random positioning of particle image pairs 
within the interrogation region adds to the error involved in PIV. The two d imensional 
nature of simple PIV is also susceptible to out of plane motion of the flow tracers. 
The accuracy of defining a particle from a recorded image depends on the diffraction 
limited spot size, and the depth of field provided by the laser/camera combination. 
The diffraction limited spot size represents the size of the particle recorded on the 
cameras CCD chip and can be calculated using the fol lowing relationship 
d , = 2.44(1 + Mmog )A-loser (-%)· (3.13) 
where ds represents the diffraction limited spot size diameter to the first dark ring, 
Mmag is the magnification factor, 2taser is laser wavelength, and (FI#) the lens aperture. 
Tbe depth of field is the range of distances through which objects may extend yet 
remain well focused and provide an acceptable image. It represents the distance from 
the object closet to the camera to the object furthest from the camera that remain well 
defined. The depth of field formula is 
(3.14) 
where Dobj is the object distance, (FI#) is the lens aperture in mm, fJ is the angular 
blur. The angular blur, fJ, is equal to BllmgD, where B represents the acceptable blur 
size on the CCD and ImgD the image distance. 
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CHAPTER4 
STUDY OF PREMIXED FLAME PROPAGATION 
4.1 Introduction 
The process of ignition, flame kernel development and transition to a deflagration 
wave in a fuel/air mixture is the fundamental creation of prernixed turbulent 
combustion. Thus at the start of the experimental studies presented in this thesis an 
investigation into these processes was conducted. This chapter presents details and 
results of the investigation. 
The chapter begins with a discussion of the experimental equipment employed during 
the investigation. The chosen fuel and air mixture is presented together with a 
description of the mixture delivery and preparation system developed. The 
combustion chamber used in the investigation is also discussed. For the data presented 
in this chapter the use of the larger of the combustion chambers was chosen. Ignition 
of the mixture is a key factor and the system designed and implemented is presented. 
A brief description of the diagnostic tools employed to produce quality data is given 
in this chapter. Visualisation of the flame kernal and deflagration was completed 
using High Speed Laser Sheet Flow Visualisation, HSLSFV. Pressure histor ies during 
each investigation were recorded using high speed piezoresistive transducers and a 
computer controlled data logger 
The main section of the chapter comprises of results obtained from the experimental 
investigation. Visualisation of the flame kernal development is provided, with 
discussion and comparison with previous experimental findings . Visualisation of 
transition from ignition kernel to fully developed deflagration wave is also presented. 
Data taken from the visualisation to describe key parameters involved in deflagration 
are discussed with relevance to prior findings. The effect of mixture composition is 
presented, with comparisons of flame structure, propagation parameters and pressure 
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development between lean, stoichiometric and rich mixn1res. A short study into the 
effect of confinement in the combustion chamber is also presented. Pressure records 
and visualisation for varying exit blockages are shown for deflagration. Closing the 
chapter, conclusions are drawn from the results obtained during this investigation. 
4.2 Flame Propagation Experimental Setup 
4.2.1 Mixture Preparation and Delivery 
As detailed in chapter 2 the ignition and subsequent development of a flame requires 
the presence of a fuel and air mixture. For the studies presented in this thesis the use 
of methane as the fuel and air as the oxidant was employed. 
Methane has a number of key advantages for use as a fuel in combustion studies and 
so was chosen for use in this investigation. Belonging to the hydro-carbon family of 
fuels, methane has the chemical name CH4. Its chemical structure consists of a single 
carbon atom surrounded by four hydrogen atoms, linked by single carbon-hydrogen 
type bonds [17]. The tetrahedral molecular structure of methane, al lows the fuel to 
exhibit some unique combustion characteristics. For instance, with its large C-H bond 
energies methane has a high ignition temperature and low laminar flame speed. More 
importantly for the purpose of this study methane is the most commonly used fuel. It 
is readily available at a relatively low cost for use in experimental stud ies. It is 
therefore, the most widely researched, and hence most understood fuel [ 17]. To add 
further to the advantages, methane has a Lewis number, Le, of unity. The Le 
represents the ratio of energy transported by conduction to that transported by 
diffusion [43]. It can be defined as the rate of energy transport divided by the rate of 
mass transport, such that 
(4.1) 
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were Athermat is the thermal conductivity, p is the density, Cp is the constant pressure 
specific heat, D represents the binary diffusivity coefficient, and a the thermal 
diffusivity. The effect of Le on the combustion of the mixture is to alter the stability 
of the flame front, with small departures from unity often producing new phenomena 
in combustion [43]. Therefore, when dealing with a fuel whose Lewis number is equal 
to one, it is possible to neg lect any Lewis number generated effects. In mathematical 
modelling of combustion systems it is also common to assume a Le= I. [17,35]. Thus, 
by using methane in this study, the data produced is more applicable to modelling 
validation. For the studies air was used because of its established usage in practical 
combustion systems. The compos ition of dry air is known to be 20.9% oxygen, 
78.1 % nitrogen, 0.9% argon, with small amounts of carbon dioxide, helium, neon 
and hydrogen on either a mole or a volume basis [21]. Thus, because dry air can be 
approximated to 21 % oxygen and 79 % nitrogen by mole numbers, the chemical 
equation for air will be represented by Oz + 3.76 N2. 
The supply of the methane was provided by a high pressure cylinder fitted w ith a 
regulator. The methane used was technical grade methane, which was a 99.5% pure 
composition. The air was taken from the laboratory compressed air supply, that 
provided oil free, water filtered air at a line pressure of approximately 6 bar and a 
dryness fraction of 95 %. A schematic of the mixture delivery system is shown in 
fi gure 4.1. 
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Figure 4.1 Schematic to show the components and layout of the mixture delivery and 
preparation for studies presented in this thesis. Methane was the supplied fuel and 
compressed air the oxidant 
The delivery from the main supply of each gas was essential two separate systems 
until premixing occurred. Methane was pi ped from the high pressure cylinder to the 
in let of a Hastings Flow Meter 200 series. The mass flow meter was specifically 
designed to accurately measure and control flow over the range of 1.67 x l o-7 m3s-1 to 
5 x 10-4 m3s-1 at standard conditions ( I atrn and 0 °C). The design of the controller 
provided an accuracy of better than ± I % ful l scale. It consisted of fou r key 
components, a shunt, a sensor, electronic circuitry, and a valve [99]. 
The shunt divides the flow such that the flow through the sensor is a precise 
percentage of the flow through the shunt. The result is a fixed ratio shunting 
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arrangement, accomplished by placing the measuring capillary tube parallel with one 
or more dimensionally similar channels, called a laminar flow element, see figure 4.2 . 
The flow through the sensor and the shunt is therefore a lways laminar. 
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Figure 4.2 Schematic to show the layout of the Hastings flow meter 200 and 203 
series, shunt and sensor arrangement 
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A unique thermal electric principle whereby a metallic capillary tube is heated 
uniformly by a resistance winding attached to the midpoint of the capillary tube, as 
shown in figure 4.2. The thermocouples are welded at equal distances from the 
midpoint, and develop equal outputs at zero flow. When a flow occurs through the 
capillary tubing, heat is translated from the tube to the gas on the inlet side, and from 
the gas back to the tube on the outlet side. This creates an asymmetrica l temperature 
distribution. The thermocouples sense the decrease and increase in the capillary tube 
temperature and produce a millivolt output signal proportional to that change. For a 
constant power input the differential thermocouple temperature output is a function of 
the mass fl ow rate and the heat capacity of the gas. Since the heat capacity of many 
gases is relatively constant over wide ranges of temperature and pressure, the flow 
meter may be calibrated in mass units. This system makes up the sensor arrangement 
of the controller. The circuit board amp lifies the sensor output and uses this output to 
control the valve position. The output from the sensor, which is I m V ful l scale 
magnitude, is amplified by the circuitry until 0 V - 5 V DC is obtained. The valve is 
an automatic metering solenoid type and the voltage in its coil, supplied by the 
sensors c ircuitry, controls its height off the valve seat. Al l of these components work 
together to result in a fast, stable flow contro ller. 
Control of the Hastings mass flow meter was provided by a Chell CFD I 00 Flow 
Transducer Display. The device was a single channel instrument capable of operating 
the mass flow meter with an accuracy of 0.0 I % ful l scale. Two modes of operation 
using an internally or externally generated setpoint were available to use, which 
selected the source of the voltage the user defined setpoint dial uses to control the 
Hastings Flow meter. In the internal mode, the setpoint dial produces a zero to fu ll 
scale setpoint signal. When operated in external mode the setpo int dia l. scales the 
signal applied to the external setpoint signal. Additionally the controller allowed three 
states of use, OPEN, AUTO, and CLOSE. When switched to OPEN the controller sets 
the setpoint voltage to +7.5 V, which causes the Hastings mass flow meter to fu lly 
open its internal valve. Oppositely, when switched to the CLOSE position, a voltage 
of -7.5 V is applied to the mass flow meter to fully c lose the valve. For the studies 
presented in this thesis the Chell mass flow controller was set to AUTO mode. This 
fixed the output signal to that set by the setpoint dial, and applied it to the Hastings 
mass flow meter to control the flow through the meter. In setting the desired flow rate 
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a 3Y2 digit red LED, with factory set decimal place allowed verification of the flow 
rate. 
The supply of methane regulated by the mass flow controller then passed through a 
Arnal Otan non-return valve, type 506. This non-return valve was placed in the 
methane supply line to ensure no back flow to the mass flow controller of methane/air 
mixture occurred. Thus ensuring mass flow measuring accuracy. 
The air used ran separately from the laboratory's compressed air line to a Norgren 
Excelon type pressure regulator. The compressed air was delivered at a line pressure 
of 6 bar The regulator was then employed to reduce the pressure of the air to 2 bar. 
Control of the inlet pressure was required prior to the air entering the Hastings Flow 
meter model 203 series [I 00]. This model of flow meter used a similar working 
principle to the model 200 as described above. The design consists of a shunt, a 
sensor, electronic c ircuitry and a valve, with the on ly difference to the previously 
discussed model being the type of valve employed. In the 203 series, the flow meter 
operates with a two stage valve, where two valves are used in para lle l. A solenoid 
valve is used as a pilot valve to control a much larger pneumatic diaphragm valve. 
As shown in figure 4.1, after the air flow leaves the Hastings flow controller it is 
piped into the inlet of the TSI six jet atomiser. A fu ll working description of the 
atomiser was provided previously in chapter 3, section 3.3 On exit from the atomiser 
the air flow seeded with micron sized droplets of olive oil was directed through a 
Amal Otan non-return valve, type 506. The non-return valve was placed in line with 
the air supply to ensure no back flow of premixed gases. 
The individual supplies of methane and seeded air were then introduced at a 'T' 
section of pipe work, 200 mm downstream of the methane non-return valve and 
I 00 mm downstream of the air non-return valve. The pipe work and 'T' section 
mixing point were constructed from 15 mm outside diameter copper tubing. The 'T ' 
section provided mixing between the fuel and oxidant, to ensure a correct mix, as 
shown in figure 4.3 . 
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Figure 4.3 Schematic to show 'T' section mixing design for production ofpremixed 
methane and air supply 
The premixed charge of methane and seeded air was then piped to the combustion 
chamber using a braided hose. A flame arrestor, AMAL model Type IR was placed in 
the braided hose line at a distance of 1 m from the chamber inlet to prevent a flame 
propagating back towards the methane and air supply. The flame trap design consisted 
of a crimped metal element contained within a brass housing. The element presents a 
series of triangular passages, whose height and length is dependent on the maximum 
experimental safe gap, MESG, for the gas being used [101]. The objective of the 
element is to progressively reduce the temperature of the gas, so that on exit from the 
arrestor the gas is cooled to below the point where auto ignition would occur. 
When the flow of both methane and air was set using the Hastings controllers power 
supply, a solenoid valve allowed control over flow into the chamber. Activation of the 
valve was achieved by switching a Thurlby Thandor Instruments model PL3 J 0 power 
supply unit to provide the voltage required to operate the so lenoid valve. A second 
solenoid valve was also linked to this supply, providing control over the exit port of 
the combustion chamber. Each operated on a 24 V de supply, with a response time of 
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0.1 s. The solenoid valves used a Yz " BSP fitting inlet port, providing a maximum air 
flow rate of 0.009 m3s·l, over a pressure range of 0 to 4 bar. 
Based on previous studies highlighted in the literature survey it was chosen for this 
initial test to investigate three variations of mixture stoichiometry. A lean, 
stoichiometric and rich mixture were tested, with concentrations calculated based on 
the mixture equivalence ratio. The equivalence ratio is commonly used to indicate 
quantitative ly whether a fuel-oxidant mixture is rich, lean or stoichiometric [ 17]. 
Equivalence ratio, tjJ , is define as the ratio of actua l fuel/oxidant mass ratio divided by 
the stoichiometric fueVoxidant mass ratio [ 13,17 ,35], such that 
t/J = (F / Q) actual 
(F I O)SIOICII 
(4.2) 
where (F/O)acwal is the actual fuel/oxidant ratio by mass, and (FIO)storclt is the 
stoichiometric fuel/oxidant ratio by mass. Results for the equivalence ratio can be 
categorised into three clear cases. For tjJ < I , the combustion occurred with a fuel lean 
mixture. For tjJ = 1, complete combustion occurred using a stoichiometric mixture, 
and tjJ > l indicates combustion of a fue l rich mixture. 
The definition of stoichiometric combustion is based on the assumption of complete 
combustion. Complete combustion of a fuel occurs when all of the carbon in the fuel 
burns to become C02, all of the hydrogen becomes H20 and if any sulphur is present 
in the fuel , it is burnt to form S02 [21]. When combustion occurs with air as the 
oxidant, the minimum amount of air required for complete combustion of a fuel is 
termed theoretical air. Thus, stoichiometric combustion occurs when fuel is burned 
completely with theoretica l air. For methane as a fuel and air as the oxidant the 
stoichiometric combustion equation is given by 
(4.3) 
From this the fuel/oxidant or fuel/air ratio by mass can be calculated for the 
stoichiometric case, given that 
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(4.4) 
where Mj is the molecular weight of the fuel , n1 is the molar concentration of the fuel, 
Ma is the molecular weight of the air, and na is the molar concentration of the air. 
Therefore, for the case of methane as the fuel and air as the oxidant, the 
stoichiometric fuel/air ratio can be calculated to be 0.0582 kg fuel/kg air. Which when 
substituted into equation 4.2 for an actual stoichiometric fuel/air ratio results in rf> = 1 . 
For the purpose of the investigations presented in this thesis it was chosen to operate 
with lean, stoichiometric and rich mixtures to generate data on the effect of mixture 
composition on flame development. The equivalence ratio for each of the three test 
cases was chosen to be rf> = 0.8 , rf> = 1.0 , and r/J = 1 .2 respectively. The use of the 
Chell flow transducer display units for the setting of mixture composition in the 
delivery system required the mass flow rate of both methane and air to be converted 
into a volume flow rate for each test case. lt can be shown that when keeping the 
volume flow rate of methane constant at 2 Lmin-1 the required air volume fl ow rate is 
23.8 Lmin-1 for the lean case, 19.0 Lmin-1 for the stoichiometric case, and 15.9 Lmin-1 
for the rich case. 
In order to attain the repeatability within each test of the investigation a set procedure 
was found from preliminary testing of mixture composition. The procedure resulted in 
the purging of the premixed charge, at the set flow rates for both methane and air, 
over a period of !50 s. During this process the thin plastic membrane used to contain 
the gases within the open combustion chamber was in place, and both in let and outlet 
valves were open. Comparison of the volume of premixed charge flowed through the 
supply system over the 150 s period to the volume of the combustion chamber showed 
that a number of chamber volumes passed through the system before purging stooped. 
For the case of the lean mixture approximately 5.7 chamber volumes were purged, 4.6 
chamber volumes were purged for the stoichiometric mixture, and 3.6 chamber 
volumes for the rich charge. The process ensured that a fully homogeneous charge 
was present in each case prior to the initiation of a flame. A second key aspect in the 
99 
-------------------
mixture preparation process was the settling of the mixture. A period of 30 s was 
allowed after the initial purging process, during which both inlet and outlet valves 
were closed. The 30 s period allowed the dissipation of any turbulent structures 
formed during the introduction of mixture into the combustion chamber. Results of a 
preliminary PlY study, in which the velocity field of the mixture was mapped at a 
frequency of LS Hz during the settling time, is given in Appendix A. The velocity 
field data provides the basis of an averaged turbulence intensity history throughout the 
settling process. The results clearly show the decay in the level of turbu lence, and the 
30 s minimum time required for mixture settling prior to ign ition. A final turbulence 
level of approximately 0.002 ms·1 was found based on the study presented in 
Appendix A. 
4.2.2 Combustion Chamber 
As discussed in section 3.2, the studies presented in this thesis concen trated on two 
specific combustion chambers. For the data presented in this chapter the use of the 
larger rig L was employed. This chamber provided the bas is for studying ignition of 
the premixed charge, development of the deflagration wave and subsequent laminar 
flame propagation. The design of the chamber was such that it offered the ability to 
study basic flame propagation, and then as the study progressed, incorporate the 
introduction of blockages into the path of the propagating flame to study 
flame/obstacle interactions. 
A study of previous literature highlighted a number of designs in both the study of 
laminar flames and the study of turbulent flame propagation. Andrews and Brad ley 
[ 42] discussed the popular use of a circular cross section tube shaped combustion 
chambers in the study of laminar flame propagation and lam inar flame speed 
determination. A further example of the use of a tube type combustion chamber was 
that employed by Eichenberger and Roberts [16]. Their study utilised a square cross 
section tubular rig, manufactured from steel with fused quartz windows located on 
three sides the chamber for the study of fl ame kernal development. The windows in 
the tubing allowed the application of the PLIF laser diagnostic technique to indicate 
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flame quenching. As well as studies on flame kernal development, numerous 
investigations on premixed turbulent flame propagation have also involved the use of 
circular tube combustion chambers. Starke and Roth 's [75] experimental 
configuration consisted of a glass cylindrical combustion chamber, which allowed the 
visual isation of a flame propagating from a spark ignition source and subsequently 
interaction with a baffle type obstacle using a camera and a chopper. A similar study 
by Fairweather et al. [19] employed the use of a cylindrical combustion chamber 
manu factured from clear Perspex to provide optical access. High-speed video was 
used to capture the flame propagation and LDA to measure the gas flow velocity. 
Recently investigations by Hargrave and Williams [102] to visualise flame 
propagation using a high speed video technique, required an optically accessible 
combustion chamber. The design of the chamber involved the use of a primary section 
of rectangular cross section for the generation of a simple geometry flame and 
manufactured rrom clear polycarbonate to allow visuali sation. 
From the survey of previous studies and related combustion chamber designs it was 
apparent that for the purpose of this thesis a tube shaped design should be employed. 
With the study predominantly involving the use of laser sheet based diagnostics a 
cylindrical cross section combustion chamber was not appropriate. Problems 
encountered with scattering of laser light and optical effects involved with cylindrical 
designs promoted the use of a square cross section chamber. Thus, it was chosen to 
design a square cross section combustion chamber that would allow the full use of any 
optical diagnostic techniques required to visualise the flame front deve lopment in a 
laboratory based environment. The length of the chamber needed to be sufficient to 
allow capture of the development of an ignition kernal to a laminar flame. However, 
for the purpose of the investigations presented in preceding chapters of this thesis, the 
chamber was also required to provide length for the placement of various blockages in 
the path of the flame. 
With these criteria the design of rig I was completed as shown in the schematic, 
figure 3. 1. In greater detail the combustion chamber comprised of two key 
components, the square cross section chamber and the sealing bottom base plate. The 
chamber was 150 mm by 150 mm internal cross section, and 500 mm in height, 
manufactured from 8 mm thick transparent polycarbonate. The geometry of the 
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chamber allowed the development of the flame front. The sealing base plate was 
450 mm by 450 mm and manufactured from I 0 mm thick aluminium. The solid base 
provided both a location device for the combustion chamber relative to the optical 
table on which work was completed and mounting plate for the auxiliary equipment 
required during the investigation, such as mixture delivery and ignition source. 
Detailed schematics and layout drawing of the chamber mated to the base plate are 
presented in figures 4.4, 4.5, and 4.6, complete with positions of auxiliary equipment. 
The sides of the chamber were secured together using 4 mm diameter counter sunk 
screws, which incorporated the strengthening angle bar in each corner. The angle bar 
was integrated to the design to ensure extra strength in the construction of the 
chamber. It allowed a viewing area of 8 I % of the original front chamber wall area. 
The diagram al so presents a cross section of the layout drawing of rig I to indicate the 
position of both the ignition device and mixture inlet point. The I 0 mm diameter 
spark plug unit was positioned at the centre of the base plate, with its centre 75 mm 
from each of the chamber's containing walls inside faces. The Yi" BSP inlet fi tting 
centre was located 75 mm from the front chamber wall, and was offset from the 
ignition point by 58 mm. A description of the mixture delivery system was provided 
in the previous section, and a detailed outline of the ignition system employed will be 
given in the proceeding section. To allow purging of the premixed charge within the 
combustion chamber, a mixture outlet fitting was located on the left hand side wall of 
the chamber. The centre of the fitting was positioned 75 mm from the inside face of 
the front containing wall, and 30 mm below the top face of the combustion chamber. 
Though the rig was designed primarily for the use of non-intrusive laser diagnostic 
techniques, in order to measure the over pressure generated as the flame was initiated, 
two piezo-resistive pressure transducers were mounted in the left hand wal l of the 
combustion chamber. The centre of the lower pressure transducer was located 30 mm 
from the inside face of the front chamber wall and 30 mm above the base plate. This 
transducer was positioned to record the pressure variation close to the ignition point 
of the mixture. A second pressure transducer was placed inline with the lower 
transducer, however it was located 30 mm below the top edge of the combustion 
chamber. This allowed the measurement of pressure close to the exit of the chamber, 
where the flame vented. A comparison of chamber pressures was then possible during 
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name propagation studies. Details of the pressure transducers employed. and the 
de igns working principle is presented in a future section of this chapter. 
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Figure 4.4 Detailed schematic of the combustion chamber employed in the stud ies 
presented in this chapter 
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Figure 4.5 Detailed schematic showing a section of the combustion chamber to 
highlight position of auxiliary equipment 
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Figure 4.6 Detailed layout drawing showing a section of the combustion chamber to 
hjgh]jght position of auxiliary equipment 
As discussed previously, the premixed mixture of methane and air was introduced 
into the chamber via the inlet port located on the base plate, and was allowed to purge 
through the chamber through an outlet valve positioned on the opposite wall, at the 
top ofthe chamber. The gas mixture was contained within the chamber by the use of a 
thin plastic membrane, covering the top open exit of the rig. The thjn plastic 
membrane was replaced for each experimental test. Design of the membrane ensured 
it failed at a very low pressure allowing the propagating flame to vent. Examples of 
the use of this techillque for combustion chamber sealing can be seen in literature 
[19,102] 
A further area of study presented in this chapter is the investigation into the effect of 
exit blockage on flame propagation within the combustion chamber. For this 
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investigation it was necessary to introduce exit blockages on the combustion chamber 
outlet. The blockages were chosen to give an area blockage ratio of 0 %, 25 %, and 
50 %. Steel plates of 2 mm thickness, with outlets whose areas corresponded to the 
chosen blockage ratios were manufactured. The outlets were designed to run the 
length of the chamber in the direction front wall to rear wall. Fixing to the chamber 
was completed using 8 screws, two tapped into the each wall of the combustion 
chamber, which allowed relatively short turn around time during testing. 
4.2.3 Ignition System 
Discussion in the literature survey, section 2.2.2, highl ighted the use of a spark 
generated by passing of a substantial electric charge across the gap between two 
electrodes as the most common means of initiating a mixture of a fuel and oxidant. 
Numerous systems have been developed for the application of spark ignition to 
flammable mixtures. Early work on spark ignition energies by Blanc et al. [3 1 ,321 
invo lved the use of shaped elec trodes positioned with tips fac ing, in the centre of a 
combustion bomb. The use of simple electrodes continued with Renou et al. [79] 
using th in wire electrodes placed at the centre of the combustion chamber, in order to 
study stretch effects on freely propagating flames. More recently sharpened tungsten 
electrodes were incorporated into the experimental setup of Kam inski et al. [I 03], 
studying spark ignition of methane-air mixtures. 
As an alternative to the location of two individual electrodes the use of commercia l 
available spark generation systems have been employed. Lee et al. [74] incorporated 
the use of a electrical spark device located in the end plate of the combustion chamber 
employed to initiate the premixed charge studied. Further flame propagation studies 
[1 9,75] involved the use a centrally mounted spark ignition device, located in the 
closed end of the combustion chamber. Alternative ly for a more practical application 
of spark generation, studies have employed the use of automobile spark plug units to 
produce the required electric discharge. Both Mueller et al. [64] and Hargrave et al 
[77] located a IC engine spark plug in the base plate of respective combustion 
chambers to in itiate a mixture of methane and air. 
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For the purpose of this study, it was chosen to adopt a similar practical approach to 
the design of the mixture ignition system. The system employed was based on a 
commercially available electronic ignition kit for a motor vehicle. Having proven 
ability to provide the required energy and duration to achieve spark ignition of a 
mixture in the demanding lC engine environment it was chosen to adapt the kit to 
meet the requirements of this investigation. The design of the system was taken from 
the Lumenition Optronic Ignition system, which was an infra red solid state breaker-
less ignition system. The Optronic ignition kit consisted of a resistor, power module, 
optical switch and ign ition co il. The optical switch was used to act as a trigger on the 
vehicle's original distributor, provid ing a signa l to the power module when it was 
time to fire the ignition for each cyl inder. The power module then responds by 
switching the voltage inside the coil, so a high vo ltage was discharged, through the 
high tension, HT, lead and across the spark gap. 
Testing completed during the investigations presented in this thesis invo lved 
individual experimental runs requiring a user triggered single spark The use of an 
optical switch to prov ide high repetition frequency triggering based on mechanical 
motion was not necessary. Therefore, the optical switch trigger was replaced with a 
circuit designed to convert a single TTL 0 V to 5 V pulse into the req uired 0 V to 
7.5 V tri gger signal produced by the optical switch. This allowed the Lumenition 
ignition equipment to be operated in a single shot manner. The pulse req uired by the 
power module, to switch the coi l and generate the spark, was provided by a single 
pulse generator. A schematic of the ignition system design for use with the 
combustion chamber can be seen in figure 4.7 
The pulse generated was tuned to produce a 5 V TTL level pulse with a duration of 
I 0 ms. Generation of the pulse was provided by operating the pu lse generator in a 
tri ggered mode, with minimal pulse delay settings. No delay between the input TTL 
signal and the modified output signal was induced. The output signal was fed directly 
to the Lumenition power module, utilising the input wiring associated with the optica l 
switch. The power module also required a second input, which was a direct feed from 
the 12 V power supply's positive terminal. Two outputs from the power module, 
consisted of an earthling lead, attached to the case of the power module, and a coi l 
supply lead, connected to the negative terminal of the ignition coil. Further 
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conn ections in the ignition circuit, as shown in figure 4. 7 consisted of a 12 V supply, 
taken from the power supply used by the power module, via a 3 .Q resistor, to the 
positive terminal of the ignition coil. 
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Figure 4 .7 Schematic to show the components and layout of the electronic ignition 
system employed in the studies presented throughout this thesis 
The ignition coil employed in the study was an Intermolar e lectronic ignition coil 
model 11380. The coil transforms the low tension, LT, 12 V supply given by the 
power supply to the high tension, HT, voltage needed to produce a spark across the 
e lectrode gap. The HT output of the coil was transported from the output of the 
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ignition coil to the input of the standard spark plug unit that was employed to provide 
the electrode gap for spark generation, using a HT lead. The connected spark plug was 
a commercially avai lable Bosch Spark plug that was mounted in the base plate of the 
combustion chamber, as described in chapter 4 section 4.2.2. The electrode spacing of 
the spark plug was set to 0.1 mm. 
As described previously, the firing of the spark generation c ircuit was accomplished 
by triggering of the pulse generator unit used to initiate the power module. Tests of 
the response of the system relative to the initiation of the I 0 ms trigger s ignal was 
completed prior to the start of experimental studies. It was found by placing a tightly 
coi led wire around the HT lead, a voltage was induced when the spark circuit was 
triggered. Thi s vo ltage was recorded on an oscilloscope relative to the trigger signal. 
A series of 50 tests showed that the peak voltage in the spark HT lead was produced 
2 ms after the first positive rise of the trigger s ignal. An example of the recorded 
generated pulses is given in figure 4.8. 
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Figu re 4.8 Example trace of spark ignition trigger signal and corresponding signal 
induced in the HT lead 
4.3 La er Diagnostics 
For the purpo e of this study the initial work concentrated on visua lisation of the 
name propagation process using a high speed laser sheet now visualisation system as 
described in chapter 3, section 3.2. The following section describes in detail the optics 
employed in the generation of the light sheet, and the subsequent positioning of the 
laser sheet 
4.3.1 High Speed Laser Sheet Flow Visualisation 
A detailed description of the high speed laser sheet now visualisation system 
employed in this thesis can be found in section 3.2. The basic setup of the system was 
the same as that presented in chapter 3, though two variations in light sheet size and 
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position were employed to visualise both the ignition kema1 de elopment and the 
propagation of the laminar flame front through the combustion chamber. 
The initial study completed invol ed the vi ualisation of the ignition kernal, and so 
required the isualisation of a small region within the combustion chamber. For this 
purpose the light sheet optic used were a 1.5 m spherical lens and a +20 n1m 
cylindrical lens positioned so that the laser sheet formed was approximately l 00 mm 
in height at its entry into the combustion chamber. A schematic diagram to show the 
introduction and orientation of the laser light sheet, together with its dimen ions 
relati e to the combustion chamber is given in figure 4.9. 
Figure 4.9 chematic diagram to show the position of the copper vapour laser sheet 
employed fo r the high speed imaging of the flame kernaJ development 
I l l 
The secondary study involved the visualisation of the flame propagating through the 
remainder of the methane air mixtw-e contained within the combustion chamber. For 
this purpose the area of interest occupied a considerab ly larger region, than that of the 
initial study. Therefore the light sheet optics were modified in the following manner 
to produce a much larger light sheet. The same light sheet optics, spherical lens of 
1.5 m focal length and cylindrical lens of +20 mm, were employed, however to 
generate the larger light sheet the posi tion of the optics relative to the combustion 
chamber was altered to produce a laser sheet approximately 300 mm in height on 
entry to the chamber. Figure 4.10 shows a schematic of the light sheet positioning for 
visualisation of the laminar flame propagation. 
Figure 4.10 Schematic diagram to show the position of the copper vapour laser sheet 
employed for the high speed imaging of the laminar flame propagation 
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For both the visualisation of the flame kernal deve lopment and flame propagation the 
high speed laser sheet flow visualisation technique employed the use of the Kodak 
Ektapro HS motion analyser imager coupled to a Micro-NIKKOR 105 mm lens. The 
lens was operated with an aperture setting of f/8 to provide sufficient illumination 
from the olive oil seeding yet retain an accurate depth of fie ld. 
T he position of the imager re lative to the laser sheet and com bustion chamber was 
always perpendicular, however the distance from laser sheet to imager was varied for 
the recording of the two data sets. For the purpose of the ign ition kernal development 
the HS motion analyser imager was fixed at a distance of approximately 600 mm from 
the front wall of the combustion chamber. This produced an imaged area as shown in 
figure 4 . 11. The figure shows the actua l on screen display produced by the Kodak 
motion analyser. In the case of recordings presented throughout this thesis the imager 
was operated on its s ide in order to obtain the desired visua lisation area, hence the 
figure shows the chamber rotated through a +90 • angle. The relative pos it ion of the 
combustion c hamber has been added to further define the area imaged and can is 
represented by the w hite outline. 
In a simil ar manner figure 4.12 shows the imaging area employed for recording of 
flame propagation through the remainder of the combustion chamber. From the figure 
it is obvious that a larger area was visualised using the high speed technique. In order 
to achieve visualisation of this area the Kodak HS imager was positioned further from 
the front containing wall of the combustion chamber at a distance of approximately 
1200 mm. The resulting image area was approximately 87 mm from the base of the 
combustion chamber and covered a height of over 245 mm. 
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Figure 4.11 Image of KODAK 4540 motion analyser screen for ignition kernaJ 
development recording. The figure shows the area of interest in respect to the 
combustion chamber 
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Figure 4.12 Image ofKODAK 4540 motion analyser screen for flame development 
recording. The figure shows the area of interest in respect to the combustion chamber 
with the 87 mm indication arrow representing the distance with respect to the 
chamber base 
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4.4 Pressure Measurement 
In section 4.2 the placement of pressure transducers in one of the contain ing walls of 
the combustion chamber was discussed. The transducers were placed in the chamber 
to allow measurement of the pressure field at two locations, close to the ignition, and 
close to the chamber exit respectively. Measurement of the pressure, as the fl ame was 
initiated and subsequently propagated, was chosen to add to the data obtained with the 
laser diagnostic techniques employed in order to help quantify a variab le invo lved in 
flame propagation. 
For the purpose of this study it was chosen to use the same model of transducer in 
each location. A Kistler piezoresistive pressure transducer series 4073 A I 0 was 
employed as the pressure sensor fi tted to the wall of the combustion chamber. For 
measurement of the transducer output a Kistler piezoresistive ampl ifer, processor-
controlled Type 4603 was connect to the transducer and in turn to a PC. The PC 
featured anl/0 box to allow the input of the amplifier' s signal and synchronisation to 
the laser diagnostics trigger device. The 110 box was controlled using a software 
program developed for this study to enable data recording at a rate synchronised to the 
high speed imaging. A block diagram of the pressure recording setup is provided in 
figure 4. 13 
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Figure 4.13 Block diagram to represent the pressure recording equipment setup 
employed for pressure data measurement presented in this thesis 
The Kistler piezoresistive pressure transducers employed were absolute pressure 
transducers for measuring static and dynamic pressures. Both transducers operated on 
a range of 0 to 10 barabs with a repeatabili ty of <0.0 1 % full scale output. The 
transduction element employed in the transducer was a silicon measuring ce ll with 
pressure sensitive resistors diffused in and interconnected to form a fully active 
wheatstone bridge. The bridge circuit is fed with constant current. Under the action of 
pressure the bridge is unbalanced, which results in an output signal amounting to 
500 m V for the full measuring range. The design allowed the high speed measurement 
of either constant or varying transient pressures, without fatigue symptoms and upto 
very high numbers of load cycles 
The measuring cell employs four resistors diffused into a silicon chip, see fi gure 4.14. 
A recess on the reverse side produces a thin diaphragm with the resistors located on 
its periphery. The silicon chip is soldered gas tight to a second silicon chip, under 
vacuum, forming a homogeneous absolute pressure measuring cell. The four resistors 
embedded in the si licon cell are piezoresistive, such that their specific resistance 
varies under mechanical loading. The resistors are connected to form a wheatstone 
bridge as shown in figure 4.14. 
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Figure 4.14 Schematic of the silicon measurement cell employed in the Kistler 
piezoresistive pressure transducer, together with circuit diagram for Wheatstone 
bridge sensor arrangement 
Output produced by the pressure transducer was transmitted directly to the Kistler 
piezoresistive amplifier. The piezoresistive amplifier serves as an amplifier, monitor 
and supply unit for the pressure transducer. An 8-bit microprocessor is incorporated to 
control the amplifier, allowing it to operate with both constant current fed and voltage 
fed piezoresistive pressure transducers. The amplifier produced either a voltage or a 
current output, relative to the pressure measurement input, with an accuracy of 
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~0.2 %. For use with the constant current fed piezoresistive pressure transducers 
employed in this study, the amplifier was operated in constant current feed, I mode. 
Using the inbuilt differential input amplifier the floating differential voltage of the 
Wheatstone resistance bridge, inside the pressure transducer, was converted to a 
ground related voltage. The output voltage was of the range 0 V to 5 V for full scale 
output, and was transmitted to an input channel located on the I/0 box of the 
computer hardware. 
The National Instruments I/0 box model SCB-68 was operated to input the voltage of 
each of the piezoresistive pressure transducers amplifiers outputs to the data logging 
program. A third input was also added to the I/0 box to aid in the synchronisation of 
the pressure recordings with high speed imaging device. As detailed in chapter 3 
section 3.4 during high speed visualisation the Kodak 4540 motion analyser system 
emitted an output frequency that was used to drive the copper vapour laser. In a 
similar manner the output of the motion analyser was also used to drive the recording 
of the piezoresistive transducers outputs via the amplifiers. A controll ing computer 
data logging program provided overall control of the pressure measurement 
procedure. The program compiled in Labview software allowed for the recording of 
voltage input on a number of channels. Each read ing was programmed to be taken on 
the rise of the 5 V camera fire trigger taken from the motion analyser. The read ings 
were converted from the 0 V to S V signal produced by the amplifier, based on 
linearity, to a corresponding 0 bar to I 0 bar pressure. Each reading was stored in a 
data file for the user to access the raw data at a later date. 
4.5 Flame Propagation Visualisation 
The following section provides examples of preliminary results obtained for the 
investigation of flame characteristics within combustion chamber 1. As detailed 
previously high speed laser sheet flow visualisation was employed to produce time 
resolved sequences of images capturing the flame development, and to provide the 
basis for extraction of flame propagation properties, such as maximum downstream 
position relative to the ignition source. 
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The first area of investigation presented within this section concentrates on the 
ignition and subsequent development of a flame propagating through a stoichiometric, 
rjJ = 1.0 , mixture. A sequence of individual frames taken from the high speed 
visualisation recordings is given to show, in detail, the development of a flame kernal 
from the central ignition point. Data is also presented that was extracted from 
individual frames to highlight typical flame arri val times with respect to the ignition 
trigger pulse. Similarly, visualisation of the flame propagating over a larger region 
within the combustion chamber is given in an image sequence, together with data on 
transitional flame propagation speed. 
The second area of investigation contained within this section provides sequences of 
images depicting flame propagation through lean. rjJ = 0.8 . and rich, r/J = 1.2 
methane-air mixtures. Data extracted from the high speed visual isation is also given 
and allows comparison with the data previously presented for the stoichiometric flame 
propagation case. Thus, allowing the quantification of the effect of mixture 
composition on flame propagation within a rectangular cross section combustion 
chamber. 
The final area of investigation included in this section introduces the effect of 
chamber exit blockage on the structure of a flame propagating within combustion 
chamber one. Exit blockage ratios, BR of 0 %, 25 % and 50 % were investigated, with 
the results helping to define the future testing. 
4.5.1 Flame Kernel Development 
Before attempting to investigate and interpret premixed turbulent combustion data it 
was necessary to first investigate the basic flame characteristics that were present in 
the experimental setup employed. In this way the initial study completed on 
combustion chamber one concentrated on visualising the initiation of the flame and its 
subsequent propagation through the surrounding premixed charge. The initial study as 
well as gathering valuable information on the nature of the flame produced also 
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allowed the development and fine tuning of the laser diagnostic techniques employed 
in the main topic of this thesis. 
Working with a stoichiometric premixed methane and air, numerous experimental 
runs were completed using the HSLSFV technique in order to generate time resolved 
animations of the mixture ignition and flame propagation. As detailed previously in 
section 4.3. 1 two variations of the HSLSFV were employed with the first 
concentrating on imaging a small area, located around the spark ignition source. 
Recordings were taken based on the initial ignition system trigger pulse, and lasted for 
a duration of approximately 0.683 seconds. During this capture period visualisation 
of the spark and ensuing flame kernal was achieved for a duration of typically 0.05 s. 
After this period the flame front had developed passed the boundaries of the viewing 
window and all that remained to be visualised was burnt gas mixture. 
A representative sequence of individual frames taken from a single recording is 
presented in figure 4.1 5. This figure shows the key stages in the ignition kernal 
development, with a time between each individual image of 4 miHiseconds. The first 
image presented in the sequence, t = I 0 ms, shows the point at which the spark 
ignition unit discharged the stored voltage across its electrodes. The apparent time 
delay is due to the pulse duration employed for the ignition system trigger, see 
section 4.2.3. The bright point that can be viewed in the central lower region of the 
frame clearly shows the spark as electrical energy is discharged to the surrounding 
medium. Stevens (30] also reported a similar luminous sphere shortly after discharge 
when investigating spark ignition of a mixture contained within a soap bubble. 
Analysis of further experimental runs completed during the investigation presented in 
thi s thesis showed good agreement with the time of the electric discharge and 
formation of luminous sphere, and compared well to that presented in figure 4. I 5. 
Analysis of the recorded animations shows the mean start time of the spark discharge 
to be 9.5 ens after the ignition system trigger pulse. The presence of a luminous sphere 
at the ignition position has a mean duration of2.1 ms. 
Following the generation of the electric spark there was a period of approximately 
16 ms in which no visual activity between spark and surrounding premixed fuel and 
air occurs. During this period based on findings detailed in literature (1 0,28), it is 
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assumed that heat energy and free radicals from the spark are transferred from the 
area around the spark electrodes into surrounding mixture. On inspection of the 
images, t = 22 ms and t = 26 ms it is apparent that a lighter region in the mixture 
seeding is present, forming a spherical structure. This area is most probably due to 
thermal expansion of seeding material within the premixed charge as the heat energy 
and intermediates produced by the spark begin to raise the temperature of the mixture. 
After a given period of time the thermal change causes the mixture to be raised above 
its ignition temperatu re, resulting in the development of an ignition kernal 
In tbe sequence presented in figure 4.15, it is clear that the flame kernal development 
into the premixed charge is substantial after a delay of approximately 20 ms from the 
mid point of spark discharge, where the luminous sphere formed was at its brightest. 
The first image capturing the kernal, t = 30 ms, shows the principle of the laser 
diagnostic technique, with the burnt mixture consumed by the fl ame appearing black 
in colour. The image also high lights the shape of the developing ignition kerna l front, 
radiating out from the point of spark ignition. The two dimensional slice of the 
ignition kernal captured by the HSLSFV records the fl ame front to be spherica l in 
nature. This characteristic of the flame is repeated through the remainder of the 
images presented in figure 4.15. The radius of the spherical flame front appears to 
progressively increase from frame t = 30 ms, to frame t = 42 ms. With the increase in 
ignition kernal front radius, the tip of the front located in line with the spark ignition 
source propagates further downstream. Thus the flame propagates unrestrained into 
the surrounding fresh stoichiometric mixture. 
Comparison of the final images presented in figure 4. 15, at t = 42 ms and t = 46 ms 
shows no apparent increase in kernal front radius. However the most downstream 
point along the image centreline, the flame tip, has clearly translated further 
downstream. From the images it is assumed at this point the flame is in a fully 
developed state and will continue to propagate further downstream as a deflagration 
wave. 
A further noticeable point for discussion of the image sequence presented in figure 
4. 15 is the apparent lighter region runnjng parallel to the flame front. The first 
indication of the lighter region generated in the unburnt mixture can be seen in frame 
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t = 22 ms, were an apparent semi circular region located around the ignition point can 
be seen. This can be attributed to thermal expansion of the oil droplets within the 
mixture. The olive oil seeding, present in the charge for laser diagnostic techniques. 
was influenced by thermal expansion resulting in a change of seeding density. This 
caused the increase in light intensity recorded. As shown in figure 3.4, for the Mie 
scattering regime, the intensity of light scattered by a single particle rapidly increases 
with small increases in particle diameter. 
In the next frame, t = 30 ms the ignition kerna l has developed as discussed 
previously, and around the front a light region which runs parallel with a thickness of 
approximately 14 mm has developed. A similar sized light section continues to run 
parallel along the front captured in the remainder of the images presented. The lighter 
region increases in length as the flame front length increases. This visua lised change 
in seeding properties is again attributed to the thermal expansion of seeding material 
caused by the ensuing ignition kemal. 
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Figure 4.15 Sequence of high speed flame propagation images showing fl ame propagation from the ignition source. Time t, us relative to the 
start of the ignition system trigger pulse 
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Based on the recordings obtained using the HSLSFV, principal data on flame arrival 
time and centreline flame position was extracted. The time resolved nature of the high 
speed recordings allowed the analysis of individual ignition kernal generations for 
time coded data with respect to predetermined positions relative to the ignition point. 
Figure 4.16 presents results obtained from analysis of a selection of ignition kernal 
development animations. For every experimental run the time of arrival at 10 mm 
intervals downstream of the ignition source of the maximum downstream flame tip 
was recorded. The figure at first shows an almost linear response to flame position 
with time as the flame kernal propagates outwardly. A closer inspection of the data 
indicates that in the region 0 mm to 20 mm downstream, the slope of the plotted data 
is shallower than that of the region 20 mm to 80 mm. Thus indicating that the flame 
travel in the initial stages of development was faster than over the later period. This 
trend is further confirmed when data presented in figure 4. I 7 is viewed. This figure 
again plots the arrival time of the maximum downstream flame tip at I 0 mm interva ls, 
but the data is based on the mean average of all points presented in figure 4.16. The 
grad ient change of the plotted data is more apparent, highlighting the probable 
difference in speed of the flame over the initial period. Further changers in the 
gradient are noted, with the flame apparently speeding up as the 80 mm marker is 
passed. 
Figure 4.1.7 also presents calculated errors based on the mean of the selected ignition 
development data. Errors bars added to the plot represent the coefficient of variation 
of the data, based on a 5 % value of each plotted data point. The chosen threshold 
represents the amount of raw data that lies within 5% of the calculated mean. This 
value is based on an uncertainty percentage for various flame propagation studies 
presented by McCann [6]. The size of the error bars presented help to visually 
represent the error involved in the production of the data. rt is clear that the error bars 
shown are relatively small indicating a small error is involved in the data. The 
smallest error bar plotted is equivalent to 1.25 ms variation. The largest represents 
2.22 ms. The low errors involved with the data help to validate the repeatability 
achieved with the experimental configuration. This can also be seen when analysing 
the spread of data point presented in figure 4.16. 
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From the data obtained for flame front arrival times, a simple formula based on 
distance travelled with respect to time taken allows the calculation of a transitional 
flame front speed. Results for the downstream propagation flame tip speed are given 
in figure 4.18. The figure interestingly shows a relatively high propagation speed over 
the distance interval 5 mm to 15 mm of approximately 6 ms·1• Following this, as the 
front continues to develop, the transitional speed begins to slow over the distance 
35 mm to 45 mm, reaching a low of approximately 3.5 ms·1• The flame speed then 
increases as the front propagates further from the ignition source reaching a calculated 
maximum of approximately 6.5 ms·1• 
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Figure 4.17 Average flame arrival time at 10 mm intervals downstream of the ignition 
source for a stoichiometric methane-air mixture 
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for a stoichiometric methane-air mixture 
128 
The data presented previously in figure 4. 16 through 4.18 was representative of a 
selection of experimental runs, however to analyse in greater deta il the ignition and 
flame kernal development data in figures 4. 19 through 4.21 was taken from a single 
experimental run . The run was chosen to provide a depiction of a typical flam e kernal 
development. Based on this figure, 4.19 presents a plot of maximum downstream 
flame front position relative to the time after ignition trigger pulse. The plot highlights 
a similar trend to that of the calculated for an average flame presented in fi gure 4.17. 
As the time period increase after the ign ition discharge the pos ition of the flame 
increases almost uniformly. However it is c lear that approximately 28 ms after 
ignition the flame has travelled less than 20 mm downstream from the ign ition source. 
In this region there also appears a s lightly steeper gradient indicating a faster flame 
speed than in the later adjacent portion oftime. Similar to discussion earl ier the flame 
front speed depicted by the plot gradient increases after 45 ms, when the front has 
reached a downstream distance of over 80 mm. 
The analys is also allowed the measurement of flame front radius of curva ture based 
on the individual frames of the high speed imaging. Figure 4.20 presents a plot of 
flame front radius relative to time after ignition, including an approximate curve of 
best fit of the data points. The initial measurement of radius at t = 28 ms indicates a 
curvature of 14 mm. An increase in front radius is then seen as development occurs 
and the flame begins to propagate outward ly from the location of the ignition source. 
The increase in radius is almost linear upto t = 40 ms, after which the fl ame fro nt 
curvature remains approximately constant at 46 mm over the remainder of the period 
data was ava ilable. Combining the relative data on flame front position and radius of 
curvature, figure 4.21 presents a visualisation of how the newly ignited flame 
propagates from the ignition point. One can see that in the initial stages of flame 
development when the front is close to the ignition source it has a small radius of 
curvature. As the flame then begins to consume the mixture ahead of it, the position 
relative to the ignition point increases, as does the radius of curvature. After a given 
time period the flame has propagated a distance downstream of approximately 80 mm 
at which point the radius of curvature remains relatively constant for the data 
presented. 
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4.5.2 Deflagration 
This section concentrates on results obtained for flame propagation through a 300 mm 
viewing window within combustion chamber one using the high speed visualisation. 
Similar to the ignition kernal development section, a reliable experimental setup was 
employed that incorporated the use of stoichiometric premixed methane~air mixtures. 
Again the overall recording time for the flame propagation was 0.683 seconds, 
however for this case the capture of the flame structure lasted approximately 
0.060 seconds. After this period the majority of the imaged area wjthin the chamber 
was completely filled with burnt gas as the flame front propagated further upstream. 
Figure 4.22 presents a series of individual frames taken from a single experimental 
run that depicts the motion of the developed flame through a 250 mm section of the 
chamber. The initial image was taken at a time of 24 ms after the ignition trigger 
pulse. Inspection of the image shows that in the lower edge area a lighter region of 
premixed charge is present. This represents the band of thermal ly effected seed ing 
material within the mixture that occurs ahead of the flame front as seen in the high 
speed images presented for ignition kernal development. The second image in the 
sequence was taken 3 ms later and the flame can now be seen clearly in the lower 
region. As with the HSLSFV technique, the area occupied by the burnt gases and the 
flame front appears black in contrast to the lighter region of unbumt premixed gas. 
Over the following three images, which cover a time period of around 6 ms the flame 
front appears to develop both downstream and horizontally towards the chamber 
containing walls. However in reality the flame front would have previously 
propagated outwards before reaching the area viewed in these images. In this manner 
the upper half of the flame front forms in a spherical nature, as with ignition, but does 
not cover the entire width of the combustion chamber. Concentrating on frame 
t = 36 ms the lower sides of the flame front form a straight line that follows a tangent 
to the upper circular front. This behaviour can be attributed to the restrictions imposed 
by the containing walls. 
The flame front continues to propagate, requiring 24 ms to move through the viewing 
window. At time, t = 48 ms the most downstream point of the flame front has 
131 
propagated beyond the borders of the image. After a further 3 ms the entire imaged 
area is predominantly filled with burnt gas. 
Data obtained from a selection of stoichiometric flame runs is presented in 
figure 4.23. ln a similar manner to the analysis of the ignition kernal animations, data 
is produced for arrival times of the maximum downstream point of the flame a long 
the chamber centreline. Markers for the flame position begin at approximately 
107 mm downstream of the ignition source and occur every 20 mm, continuing to 
cover a distance of 220 mm. The arrival times of each individual flame experimental 
run are presented, which result in a series of points forming a curve parabolic in 
nature. Over the downstream positions 107 mm to 227 mm the gradient of the curve 
appears relatively steep suggesting a s lower propagation speed than that of the 
pos ition region 227 mm to 327 mm, where the curve gradient is shallow. 
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Figure 4.22. Sequence of high speed laser sheet images showing flame propagation through the combustion chamber. Time, 1, is relative to the 
initial ignition trigger pulse 
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The parabolic trend of the arrival time data obtained from the high speed imaging of 
the unrestricted flame propagation is further highlighted in figure 4.24. This figure 
depicts the calculated mean average for all the data presented in the previous figure at 
each downstream interval. The trend in the gradient of the curve, as discussed 
previously, is easily observed in the figure. The first downstream position provides a 
calculated mean arrival time of approximately 29 ms. The arrival time at each location 
then appears to increase linearly up to 207 mm downstream, where the arrival time is 
approximately 40 ms. After this position the time taken to travel a further 100 mm is 
calculated as only 8 ms. The plot also shows the associated errors for each of the 
calculated data points. Vertical error bars have been added to represent a 
quantification of the spread of data based on a 5 %value of the plotted data, similar to 
that presented for the ignition study. The relative small scale of the errors plotted in 
figure 4.24 highlight the repeatability of the experimental arrangement, with good 
agreement between individual runs. This point is also shown in the earlier figure 4.23 
by the close proximity of the data points at each measurement location. 
As the agreement between individual runs for flame propagation arrival times is good , 
a single run was chosen to be analysed in greater detail in order to further define 
properties of the flame. Figure 4.25 shows the plotted flame fronts at 2 ms intervals as 
the flame propagates down the combustion chamber. The figure helps to highlight the 
flame shape generated and can be compared with the individual images presented in 
figure 4.22. The figure shows the upper portion of the flame at each point in time to 
be spherical in nature, with the lower edges of the flame front trailing in a straight I ine 
towards the containing chamber walls. Visually, the figure helps to show the 
relationship between downstream flame position and time. However, this is 
represented graphically for the maximum downstream flame front position taken 
along the chamber centre line in figure 4.26. The data presented in the figure appears 
to lie on a semi quadratic curve. The change in flame position with time varies slowly 
over the interval 28 ms to 38 ms, then increases for the remainder of the time period. 
Over the first 10 ms of data the flame travels approximately 70 mm, however over the 
following 12 ms the flame travels approximately 155 mm. This property of the flame 
propagation suggest the speed of the flame propagation varies with time. In 
comparison with literature [76] the results obtained from the experimental run are 
presented in figure 4.27 showing comparable trends. Data obtained by 
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Fairweather et al. [76] in a combustion chamber of similar geometry is shown 
together with the data obtained in this study. Reasonable agreement between the two 
plotted curves is apparent, with both following a semi parabolic pattern. 
Information represented visually in figure 4.25 is again provided graphically in 
figure 4.28. Measured radius of curvature is shown in respect to time after ignition 
pulse trigger. The data shows that in the early stages of the flame visualisation the 
radius of curvature is smal l. At t = 27 ms the radius of curvature was measured to be 
approximately 35 mm, and 2 ms later measured at 53 mm. From t = 31 ms the radius 
of curvature reaches a maximum value of approximately 62 mm, at which it remains 
for the remainder of the plotted time intervals. The dramatic change in radius is 
thought however to be misrepresentative of the actual flame propagation. As 
discussed with respect to the images capture the data is taken from a specific field of 
vision, and so when the flame front is not fully visible false measurements are 
apparent. It is likely that at the first two recording times the radius is close to 62 mm. 
136 
500 
..... 
Q) 
..0 400 E 
ro 
..c 
(.) 
c 
.Q 
u; 300 
::::l 
..0 
E 
0 
u 
-0 200 
(I) 
·x 
~ 
ro 
() 
t 100 Q) 
> 
Base Plate of Combustion Chamber 
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through the combustion chamber 
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Figure 4.28 Typical flame tip radius of curvature at 2 ms intervals for a stoichiometric 
methane-air mixture 
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4.5.3 Effect of Mixture Composition on Deflagration 
Having concentrated on the fundamental cases of flame ignition and subsequent 
propagation in a sto ichiometric mixture, the next stage of the study was to investigate 
the effect of m ixture concentration on the properties discussed previously. Figure 4.29 
visualises the propagation a lean flame through the visualisation area. The image 
sequence was chosen to provide similar positions of the flame front to those given in 
figure 4.22. In comparison with the flame features a lready discussed for the 
stoichiometric case, there is little difference. Similar flame shapes can be observed. 
The images appear with a greater distinction between flame front/burnt mixture and 
fresh charge, but this can be attributed to the proportion of air in the premixed gas . 
For the Jean case there is an increase in the quantity of air and so and increase in the 
quantity of seed material. The increase in seed material results in an increase in 
scattered light and so the improved image contrast. The most interest difference to be 
noted is the time of the matched images. The first image in the sequence was taken at 
a timet= 61 ms and in order to generate a similar profile to that of the sto ichiometric 
case, a 5 ms time interval is required between chosen frames. Propagation of the Jean 
flame through the visualisation window takes approximately 40 ms. 
In a similar manner the data recorded for the propagation of a flame through a rich 
mixture is presented in figure 4.30. Again images have been chosen to match both 
sto ichiometric and Jean flame positions. Thus, the images represent similar flame 
shapes to those observed for the previous cases. The rich flame front exhibits the 
same semi spherical upper flame front as it propagates through the mixture. The 
contrast achieved in the images is less due to the reduced seeding level, as discussed 
above. For the case of the rich mixture a distinct luminous band along the surface of 
the flame front is apparent in the captured images, which is a result of thermal effects 
on the seeding material present in the unburnt mixture. 
During fl ame propagation in both lean and the rich mixture cases, the development of 
the flame front through the recording area is similar. The main difference between the 
two mixture compositions is the arrival time of each flame at locations downstream of 
the ignition point. For each case this is represented graphically in figures 4.31 and 
139 
4.32. The lean mixture data on flame arrival times exhibits the parabolic curve 
structure seen during the analysis of the stoichiometric case. At 1 07mm downstream 
the lean flame arrives in approximately 60 ms. This data exhibits a I inear increase, 
with the flame reaching 187 mm in 79 ms. However from this point the speed of the 
flame is assumed to increase, as the flame requires 13.6 ms to travel a further 
lOO mm. The rich flame also exhibits the same data trend. The flame propagating 
through a rich mixture requires 43 ms to reach I 07 mm downstream distance. Again 
there is a linear increase in time with distance, reaching 187 mm in a time of 
approximately 57 ms. The slope of the data then becomes shallow, suggesting the 
flame speed increases with the flame taking ll ms to cover the following l 00 mm 
section. 
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Figure 4.29. Sequence of high speed laser sheet images showing flame propagation through a lean mixture contained within the combustion 
chamber. Time, 1, is relative to the initial ignition trigger pulse 
141 
150mm 
t = 39 ms t = 43 ms t = 47 ms t =51 ms t = 55 ms 
t= 63 ms t = 71 ms 
Figure 4.30. Sequence of high speed laser sheet images showing flame propagation through a rich mixture contained within the combustion 
chamber. Time, t, is relative to the initial ignition trigger pulse 
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Figure 4.31 Average flame arrival time at 20 mm intervals downstream of the ignition 
source for lean methane-air mixture 
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Figure 4.32 Average flame arrival time at 20 mm intervals downstream of the ignition 
source for rich methane-air mixture 
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The similarities encountered between a flame propagating through a lean, 
stoichiometric or rich mixture can be seen in individual frames presented previously 
in ftgures 4.22, 4.29, and 4.30. In order to gain a global appreciation of the differences 
that occur between the mixture compositions, figure 4.33 presents four similar 
positions for each of the mixtures compete with times. Observing the data presented 
the first apparent difference between images obtained for lean, stoichiometric and rich 
mixtures is the varying degree of contrast achieved by the laser diagnostic technique . 
This effect is primarily associated with the level of seeding material present in 
mixture. The lean mixture having the greater amount of seeding, and so contrast 
More fundamentally it is clear that the flame shapes generated as the deflagration 
wave propagates through each mixture are very similar. As discussed each flame 
exhibits a semi spherical upper front that propagates downstream with a constant 
radius. This is shown by comparing each of the four locations. The main difference 
between the mixture. compositions is the arrival time of the flame at each location 
represented in the image. For similar initial positions, the lean flame was 24 ms 
slower than the rich flame, which in turn was 17 ms slower than the stoichiometric 
flame. This trend of stoichiometric arriving first, followed by rich and then .lean is 
repeated throughout the locations given. At the final position of comparison the lean 
flame lags the rich by 30 ms. The time difference between the rich and stoichiometric 
flame increased to 23 ms. 
In more detail, the arrival times of each of the three mixture compositions are 
presented in figure 4.34 for 20 mm intervals downstream of the ignition source. The 
figure clearly shows the delay between stoichiometric, rich and lean flames. At the 
first measurement location, I 07 mm downstream of the ignition, the stoichiometric 
flame arrives after approximately 29 ms. This compares to the arrival time of the rich 
mixture of 43 ms and the lean mixture of 60 ms. To propagate a further 200 mm 
downstream the stoichiometric flame requires 19 ms. Based on these measurements 
the rich flame requires in the region of 27 ms to propagate the 200 mm. Conversely, 
as depicted in the previous figure the lean flame requires 36 ms to complete the 
distance. The data suggest the stoichiometric flame is first to initiate and propagate 
out from the ignition source. The rich mixture appears to take more time to ignite, 
hence the delay between arrival times, and propagates with a slower speed to that of 
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the stoichiometric mixture. Slowest in igniting is the lean mixture, which also 
propagates with a slower speed. This is highlighted by the slope of the plotted curve 
resulting in the increase in time difference between lean and stoichiometric cases. 
In terms of calculated flame speed figure 4.35 presents data for the three composition 
cases. The figure shows the expected difference in fl ame front speed of the lean 
flame, with initial speed of3.6 ms- 1• The lean flame speed increases to a maximum of 
9.2 ms- 1 at the most downstream measurement location. As predicted by the flame 
arrival time data, the calculated speed of the stoichiometric and the rich mixtures are 
higher. The rich flame has an initial speed in the region of 4.8 ms-1, which increases to 
approximately 12.5 ms-1• However the stoichiometric flame has an initia l speed of 
approximately 6.6 ms-1, which increases to a maximum of 18 ms-1 at the final 
measurement location. 
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Figw-e 4.33 High Speed Laser Sheet Flow Visualisation Images showing flame 
propagation through Lean, Stoichiometric and Rich Methane-Air mixtw-es. Time, t, is 
relative to the initial ignition trigger pulse 
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The trends observed by the present study can be linked to previous findings presented 
in literature. Early work on freely propagating flames by Ellis [40] stated that a flame 
ignited within a combustion chamber was initially free to propagate in both the latera l 
and axial direction. Results presented in this thesis on ignition kemal development 
showed similar trends. Ellis [40] also concluded that restrictions imposed by the 
containing walls of the combustion chamber affect the shape of the propagating 
flame. Again results of this thesis showed in regions where restrictions of the 
combustion chamber wall apply, the flame front becomes semi spherical. Thus, the 
definition of a semi spherical flame front in this work matches the similarly termed, 
ellipsoida l, findings of Ell is [40]. More recent works involving the use of high speed 
diagnostics by Fairweather et al. [76] for mathematical model development and 
vaJidation purposes, produced flame shape results that closely match those presented 
in th is section. Fairweather et al. [76] noted that the generated flame remains 
symmetrical about the central axis of the combustion chamber, and has a hemi-
spherica l flame front shape, which can be assumed to be similar to the semi spherical 
front seen in the work of thi s thesis. 
Similar findings have been stated in other literary sources [1 0, 13,28], declaring the 
categorisation of a flame, such as seen in this work, as a lamjnar flame. A brief 
discuss ion of the phenomena of a laminar fl ame was presented during chapter 2. 
Section 2.2.3. Introduced as the most simpl istic form of a deflagration, a laminar 
flame employs three key parameters for its interpretation. The first two parameters, 
laminar flame thickness, 8L, and adiabatic flame temperature, quantify the thickness of 
the propagating flame front and the burnt gas temperature. Typically 8L is in the 
region of 1 mm [13], and uti lising fundamenta l thermodynamic laws, the burnt gas 
temperature can be calculated based on the fuel/air mixture enthalpy [21). 
The third, and arguably the most important, parameter for characterisation of the 
laminar .flame is the laminar burning velocity, SL [104]. Studies in literature have 
attempted to quantify SL for a freely propagating flame, based on the relationship 
(4.5) 
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where Ss is the speed of the reaction zone front travelling along a normal to its 
surface, and Sg is the speed of the unburnt gas [25, I 05]. Andrews and Bradley [ 42] 
provided a critical review of burning velocity determination and stated in the case of a 
flame propagating within a tube, the measured speed of the flame was not equal to the 
laminar flame speed. They proposed the following expression, assuming the density 
of the burnt gas, and the measured flame speed over the length of the chamber 
remained constant 
S == a, S 
t A ·' 
C(' 
(4.6) 
where av= - 8V,, I 8t , and Ace is the combustion chamber cross sectional area. Based 
on this formu lation Andrews and Bradley [42) estimated the Jaminar burning velocity 
to equal 0.45 ms·1• A similar approach by Tseng et al. [1 05) calculated SL to equal 
0.43 ms·1• 
For the cases of lean, stoichiometric and rich flames examined in this thesis, 
visualisation has suggested that all have propagated in a laminar fashion through the 
later regions of the combustion chamber. Assuming the ratio of a/ Ace in equation 4.6 
can be estimated by the expansion ratio of the reaction, such that a/ Ace = VReac/VProd, 
then for the case of the stoichiometric flame recorded during studies in this thesis 
propagating with a measured speed of approximate ly 18 ms-1, an estimate of the 
laminar flame speed can be shown to be 0.66 ms·1• The calculation assumes that both 
gases behave in an ideal manner, with constant pressure. For a lean flame a similar 
calculation based on the measured flame speed provides a value of SL equal to 
0.38 ms·1• 
ln terms of visualisation of the three flame compositions the only difference occurring 
is the time scale required to propagate the length of the image window. This can be 
linked to the fundamental make up of the premixed charge, suggested by the 
calculations of lam inar flame speed. For the stoichiometric flame, the theoretical 
amount of oxidant required for complete combustion ex ists and the expansion ratio 
can be calculated to equal 0.0365. The same calculation for the lean flame provides an 
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expansion ratio of 0.0401 and for the rich flame 0.0403. Therefore it is expected that 
the stoichiometric flame would initiate and propagate over a shorter time period than 
the lean or rich case, with the volume of the products increasing at a faster rate. The 
lean flame propagates through a mixture with more oxidant than is required, and so 
the volume of the products is less than that of the stoichiometric case s1owing the 
movement of the combustion reaction zone. The rich flame propagates through a 
mixture contain ing more fuel than is needed with respect to the oxidant level present 
and again the volume of the products reduces, causing similar conditions to the lean 
case. 
4.5.4 Effect of Chamber Exit Blockage on Deflagration 
For the application of the fundamental aspect of this study to practical purposes, such 
as safe flame venting in a plant environment, variation on the exit blockage of 
combustion chamber one with respect to the characteristics of a propagating 
stoichiometric flame were investigated. For the data presented previously in this 
chapter no blockage was present on the chamber exit. This allowed the fl ame to vent 
freely. In order to quantify the effect of partial containment, a stoichiometric mixture 
was ignited and plates were added to the chamber exit to provide blockages of 25 % 
and 50%. The same HSLSFV setup discussed in section 4.3. 1, was employed to 
visualise the flame front as it moved through the majori ty of the cham ber. 
Visualisation for both 25% and 50 % blockages provided image sequences very 
similar to those of the 0 % blockage situation already presented figure 4.22. 
Comparison of the three sequences showed minimal differences, and so to highlight 
this resu lt figure 4.36 presents data for flame arrival time at set locations downstream 
of the ignition source for each configuration. In the early regions of the combustion 
chamber there is no apparent difference in the arrival times of flames propagating 
inside a chamber with 0 %, 25 % and 50 % exit blockage. Moving through the 
chamber, the three blockage configurations exhibit the parabolic increase in arrival 
time with distance as seen with each flame propagation case presented earlier. The 
difference between each arrangement appears to begin at 147 mm downstream. Here 
the flame propagating in a 50% exit blockage chamber begins to increase in 
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propagation speed, arriving at the locations shortly before the other cases. At the final 
measurement location the 50 % BR flame was calculated to be 0.9 ms ahead of the 
0 % BR flame. The small change may be a result of the chamber difference, though 
could be attributed to measurement error 
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Figure 4.36 Comparison of average flame arrival times at 20 mm intervals 
downstream of the ignition source for a stoichiometric mixture in contained within a 
chamber. Chamber exit blockage ratios of 0%, 25% and 50% are presented 
4.6 Chamber Pressure 
In addition to the measurements provide by the HSLSFV technique simultaneous 
recordings of pressure time hjstories were produced for a variety of experimental 
configurations presented previously. Pressure recordings detailing the variation in 
generated pressure with mixture composition are presented in figure 4.37. The plot 
clearly shows s imilar initial measurements as the mixtures are ignited. During the 
period 0 ms to 24 ms the pressure traces for lean, stoichiometric and rich remain 
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around the ambient pressure reading. After 4 ms the graph shows that all thee mixture 
compositions produce a uniform increase in chamber pressure. The increase in 
chamber pressure peaks at approximately 45 ms, reaching an average value of 
0.986 bar. The peak observed for each experimental configuration is considered to be 
associated with the failing of the sealing membrane placed on the exit of the 
combustion chamber. Upto the failing of the membrane the unburnt gas is contained 
within the chamber, being compressed by the upwardly propagating flame front. 
When the plastic membrane fails, the unburnt mixture is free to vent resulting in the 
reduction of the measured pressure. 
After this initial peak the pressure profile for all mixtures fall s, with the pressure in 
lean and rich mixture configurations fa lling at a similar rate. The profil es of lean and 
rich follow this path falling until 53 ms, at which point the Jean profile begins to rise 
again. The lean pressure trace reaches a new peak after 82 ms. This peak is thought to 
be representative of the slow burning nature of the flame front through the lean 
mixture. After 53 ms the rich mixture flame fall s again to a new low matching that of 
the stoichiometric flame, which has steadily fallen reaching a new low point at 
approximately 79 ms. After this period both the stoichiometric and rich mixture form 
a new peak, similar in magnitude at approximately 0.979 bar. The small second peaks 
occur in a similar manner to the lean case and are attributed to the flame front 
consuming the remainder of the unburnt mixture. After the period of variation the 
pressure trace for all three experimental configurations returns to match that of the 
surrounding atmosphere. 
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Figure 4.37 Combustion chamber pressure recording during flame propagation 
through lean, stoichiometric and rich mixtures 
The second pressure time history presented for the case of unrestricted flame 
propagation in combustion chamber one investigates the effect of blockage on the 
chamber exit. As with the results for the HSLSFV diagnostics, three cases of exit 
blockage ratios, BR, were investigated. Figure 4.38 presents the results calculated for 
the overpressure generated in the combustion chamber. In the case of 0 % BR the 
pressure trace is a replicate of the stoichiometric flame configuration presented in the 
previous figure . The initial main peak of approximately 0.71 bar over-pressure occurs 
after approximately 43 ms. It then falls, before returning to match the surrounding 
pressure reading. For an exit BR = 25 % the over pressure generated follows a similar 
path, though the maximum developed appears to occur at a later time. The 
overpressure produced remains high, close to the peak value for around 40 ms. It then 
falls to 0 bsr matching the surrounding pressure in the same manner as the 0 % BR 
case. The overpressure generated by placing a blockage of 50 % on the chamber exit 
is considerably larger than with no blockage. The pressure profile rises in a similar 
matter to that of the previous two cases, but after fal ling slightly to a low at 61 ms, 
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rises to a maximum overpressure of 0.0128 bar. After the maximum the over pressure 
was generated it falls sharply, before levelling to match that of the 0% and 25% exit 
blockages. 
The constriction imposed by the exit blockage has a marked effect on the in chamber 
pressure generated during flame propagation. It is assumed that by introducing a 25 % 
blockage to the chamber exit the initial peak, that was previously observed and 
attributed to the fai ling of the sealing membrane placed over the chamber exit, is 
prolonged. The inability of the fl ame to vent freely upon displacement of the 
membrane results in an increase in pressme over a longer period, as combusting 
mixture is contained within the chamber. In an extreme case, with 50 % blockage on 
the chamber exit only a small opening is present for the flame to vent. Thus in a 
similar manner to the previous configurabons a peak is observed as the sealing 
membrane fai ls, however a maximum is recorded as the flame is further contained 
within the combustion chamber. 
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of a stoichiometric methane air flame. Varying chamber exit blockage ratios of 0 %, 
25% and SO% 
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4. 7 Conclusions 
The study into the fundamental behaviour of an unrestricted propagating flame 
provided a number of key findings on both the initiation of the combustion wave by a 
spark ignition source, and the subsequent development throughout the remainder of 
combustion chamber one. The major findings are summarised below, 
I. High speed visualisation of the ignition process and flame kernal 
development of a stoichiometric mixture shows an initial lum inous sphere is 
formed, as suggested by Stevens [30] before the flame front propagates 
outwards in a spherical fashion. Restrictions imposed by the combustion 
chamber result in a change of the flame front shape with development 
continuing downstream. 
2. Analysis of individual frames taken from the high speed laser sheet 
visualisation of the stoichiometric mixture ignition kernal development show 
an approximately linear increase in flame front radius of curvature upto a 
maximum of 47 mm. The translational speed of the most downstream point 
on the front developing from the spark ignition point increases after a small 
dip to approximately 6.5 ms·' . 
3. Global visualisation of the stoichiometric flame propagation through a large 
section of the combustion chamber highlighted the constant spherical nature 
of the most downstream region of the flame front. The development of the 
most downstream point of the flame position increases with time after ignition 
agreeing with findings by Fairweather et al. [76]. 
4. The flame front radius of curvature shows an initiaJ increase to a constant 
maximum of approximately 65 mm. The initial increase however is thought to 
be a limitation ofthe analysis performed on the individual high speed frames, 
with the flame front radius developing constantly from the 47 mm measured 
for the ignition kernal development. 
5. Visualisation of lean and rich mixture fl ames show similarities in flame shape 
to that of the stoichiometric case, however the speed at which the flames 
propagate through the combustion chamber differs. Analysis showed that the 
lean flame required 60 ms to reach 107 mm downstream of the ignition point, 
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compared to 43 ms for the rich flame and 29 ms for the stoichiometric flame. 
Interestingly comparison of the translational flame speed over the analysis 
window showed similarities between stoichiometric and rich each reaching a 
maximum of approximately 18 ms-1• The lean flame however reaches a 
maximum of9 ms-1• 
6. Utilis ing the maximum translational flame speed measured, an estimate of the 
laminar burning velocity based on theory proposed by Andrews and Bradley 
[1 9] was made. For the stoichiometric case a value of SL = 0.66 ms-1 was 
calculated, which compares to published values of 0.45 mf 1 [42] and 
0.43 ms-' [I 05]. 
7. The effect of mixture stoichiometry also had a marked effect on the 
generation of chamber pressure. Pressure histories record an initia l peak, 
which is constant regardless of mixture composition, assumed to be the result 
of the thin plastic membrane failure and secondary peaks that differ w ith 
mixture stoichiometry. The stoichiometric flame produces the largest 
secondary peak. 
8. Pressure hi stories also highlight the effect of chamber exit blockage on flame 
propagation. Although high speed imaging reveals little difference in flame 
shape or translational speed with varying blockage, the pressure recordings 
show a large increase in the secondary peak when a 50% blockage is applied. 
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CHAPTERS 
STUDY OF PREMIXED FLAME/VORTEX INTERACTION 
5.1 Introduction 
ln order to improve our understanding of some of the aspects that form the complex 
phenomena that is turbulent premixed combustion, studies of simplistic cases are 
required. In terms of turbulent combustion a recogn ised method of generating a 
simpl istic situation is to allow a propagating laminar flame to interact with a single 
vortex structure [16,65, 81]. Thus, at the start of the experimental studies on turbulent 
combustion presented in thi s thesis an investigation into flame/vortex interactions was 
conducted. This chapter presents experimental detai ls and resu lts of the study. 
The initial section of this chapter concentrates on the experimental equipment and 
configuration utilised during the investigation. Discussion is provided on the chosen 
fuel and oxidant mixture. The mixture preparation and delivery system is introduced 
and reference is made to the details presented during chapter 4. A detai led description 
of the new smaller combustion chamber, rig two, used in the study is given. 
Explanation of the new method of vortex generation is highlighted with respect to 
previous studies. Also a brief introduction of the system employed to ignite the 
mixture contained within the combustion chamber is presented, with references to 
chapter 4. 
A delineation of the laser diagnostic techniques incorporated in this study is given. 
Two variations of the particle image velocimetry, PlY, technique were used. A 
description of the initial single camera PIV system applied for visualisation and 
qua11tification of the turbulent vortex structures generated by the new combustion 
chamber design is presented. For quantification of the flame/vortex interactions, a 
development of the PIV technique is introduced that involves the combination of two 
separated single camera PlY systems, analysing the exact same region at separate 
time intervals. 
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The results and data analysis completed for this study are incorporated into the main 
section of this chapter. Visualisation of the vortex structures generated is provided, 
with discussion of the results and comparison to data on similar generated vortices. 
Quantification of the vortex structures, in tenns of two dimensional velocity profiles 
is g iven and considered. Data taken from the newly developed twin camera PJV 
diagnostic technique is presented for both visualisation and characterisation purposes. 
Theory based on that given in the literature is incorporated to develop an analysis 
technique for the quantification of flame displacement during interaction with simple 
turbulent vortex structures using the twin camera PlV data. Results achieved using 
this technique are presented and discussed with respect to findings given in lite rature. 
The chapter closes with conclusions drawn from both areas of study presented. 
5.2 Flame Vortex Interaction Experimental Setup 
5.2.1 Mixture Preparation and Delivery 
In order for combustion to occur a fuel and oxidant mixture is required. Following 
testing completed in chapter 4, methane was used as the fuel and air as the oxidant. 
The distinct advantages for using methane and air were previously detai led in section 
4.2 . 1, and these remain for this study. 
As in the earlier experimental setup, the supply of methane was by means of a high 
pressure cylinder, with air taken from the laboratory's compressed air supply. The 
mixture preparation system was as presented in figure 4.1 , and discussed in detail in 
the attached section. Described briefly, the system comprised of a methane supply and 
air supply that mixed at a 'T' section interface prior to entering the combustion 
chamber. The methane flowed through a mass flow controller and non-return valve 
before entering the mixing point. The a ir passed through a regulator, mass fl ow 
contro ller and, for laser diagnostic purposes, a six jet atomiser which introduced 
micron sized seed ing material into the gas. A non-return valve was a lso placed in the 
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air supply line prior to the 'T' section mixing point. After mixing had occurred the 
premixed charge was delivered to the inlet of the combustion chamber along a braided 
hose line. A flame arrestor was placed in the line for safety precautions, preventing a 
flame from propagating back to the mixture supply. Operator controlled solenoid 
valves allowed purging of the mixture through the combustion chamber and also 
allowed the containment of the mixture during a settling period. The timing sequence 
for filling the combustion chamber prior to ignition was discussed in section 4.2. l. 
Based on the results obtained during the previous study presented in chapter 4, the 
testing used a stoichiometric methane-air mixture. The stoichiometric composit ion 
allowed for the fastest and most reliable mixture ign ition, providing good quali ty 
visualisation images. Calculation of the stoichiometric mixture fractions was 
presented in section 4.2. 1, with resulting flow rates of 2 Lmin-• for methane, and 
19 Lmin-1 for air. 
5.2.2 Combustion Chamber 
Section 3.2 presented a brief description of the two specific combustion chambers that 
were employed dur ing the studies presented in this thesis. For the data given in th is 
chapter the smaller design of rig 2 was utilised. The development of the combustion 
chamber was based on the generation of simple single vortex turbulent structures, into 
which a laminar flame front could propagate. It was chosen to incorporate features 
employed in the larger rig I , previously tested, in order to initiate a lam inar flame 
front. Additions were made to the design however to allow the generation of vortices. 
Studies presented in literature show that previous work completed on flame vortex 
interactions concentrated on distinct variations of experimentaJ setup, employing 
either a propagating or a stationary flame [65,81]. ln the majority of cases published 
the vortex pair generated was a result of a pulse jet, with the working flu id driven 
through a sharp edged orifice. The resulting motion, caused the flu id to roll up and 
form a vortex pair [106]. Utilising this method of vortex generation, the first type of 
experimental configuration was that used by Roberts et al. [62,63] and Mueller et 
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al. [64]. A square cross section combustion chamber was employed that consisted of 
an upper and lower chamber. The lower chamber contained the standard automoti ve 
spark ignition system, and was separated from the upper chamber by an 
interchangeable sharp edged orifice plate. The upper chamber was then sealed using a 
loud speaker. Mixture contained within the two chambers was ignited which resulted 
in a laminar flame propagating upwards, and interacting with a toroidal vortex that 
was generated by fluid forced through the orifice by movement of the speaker cone. A 
similar method to producing flame vortex interactions for experimental studies was 
a lso employed by Eichenberger and Roberts [ 16]. Modifications to the design were 
introduced by Mueller et al. [65,66), which involved inverting the combustion 
chamber. ft remained of square cross section, but electrodes were repositioned at the 
upper end of the chamber and the orifice/speaker combination relocated at the lower 
end. The alternate design resulted in the deflagration wave propagating downwards, 
which due to gravitational effects produced a flat flame front The toroidal vortex 
propagated upwards, and interacted with the flat flame. The second type of vortex 
flame interaction combustion chamber design utilised a rod stabilised flame [81]. The 
square cross section chamber involved premixed charge passing through a honeycomb 
element to produce uniformity within the flow, before interacting with a vortex 
generating rod. A V~shaped flame was stabilised inside the chamber, located to the 
right hand side of the vortex producing rod such that the vortices convected 
downstream interacted with the left hand edge of the fl ame. Alternatively, Samanegio 
and Mantel [1 07] incorporated factors of both combustion chamber designs. Vortices 
produced by a loud speaker forcing fluid through an orifice interacted with a rod 
stabilised V ~shape flame inside a square cross section combustion chamber. 
Ln view of the previous studies on flame vortex interactions and studies presented 
previously in this thesis, it was apparent that a square cross section combustion 
chamber should be employed. As detailed in section 4.2.2, optical effects associated 
with cylindrically walled combustion chambers, and the favourable use shown in 
literature promoted the employment of a square cross section combustion chamber. 
Thus, it was chosen to base the design of the new flame vortex rig on that used in the 
previous study. However, the new combustion chamber was required to be different, 
incorporating a method of generating vortex pairs into which a spark ignited laminar 
flame could propagate. 
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Based on the overall aim of this thesis it was decided that a ne" method of vortex 
generation would be incorporated into the combustion chamber design. Working on 
the same principles as speaker driven studies, but with a more practical simplistic 
approach, a pair of obstacles were positioned downstream of the ignition point. A 
schematic of the combustion chamber, shown in figure 3.2, highlights the geometry 
and location of the obstacles in relation to the ignition source. The method was based 
on the theory that the gas contained within the chamber would be forced through the 
gap located between the two obstacles, resulting in the formation of a vortex pair. Part 
of the ignited flame would then follow the same path as the vortex forming mixture, 
jetting through the opening and interacting wi th the vortices. 
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In a similar manner to rig 1, presented in chapter 4, the new combustion chamber 
comprised of three key components, the base plate, the square cross section chamber 
and the pair of vortex generating obstacles. The base plate design was exactly the 
same as that used in the previous study and described in detail during section 4.2.2. It 
was 450 mm by 450 mm by 10 mm, and contained the locating points for the chamber 
and auxiliary equipment. The combustion chamber was manufactured fi·om 
8 mm transparent polycarbonate, and provided a 150 mm by 150 mm internal cross 
section. The chamber was 150 mm in height, with pairs of 10 mm thick aluminium 
obstacles located at a height of 75 mm above the base plate. Each obstacle was fixed 
in place and ran from the front face of the chamber, to the rear. Detailed schematics of 
the combustion chamber, complete with auxiliary equipment are given in figure 5.1 . 
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Figure 5.2 Cut away section and front elevation schematics to show the location of the 
vortex generating obstacles within the combustion chamber of rig 2 
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SECTION A-A 
Figure 5.3 Detai led layout drawings complete with section drawing showing the 
relevant positions of vortex generating obstacles and of auxiliary equipment 
The vortex generating obstacles were manufactured in pairs, with three variations of 
obstacle widths to provide three gap spacings. Each obstacle was 149 mm in length, 
with overall widths of30 mm, 32.5 mm and 35 mm, providing gaps of 5 mm, 10 mm 
and 15 mm when located within the combustion chamber. The opposing faces of the 
obstacles were manufactured at an angle of 63.4 degrees. By angling the inside faces, 
the obstacles provided a sharp edge over which turbulent vo11ex structW'es could be 
generated. ObstacJe pairs were located within the combustion chamber as depicted in 
both the cut away section and front elevation schematic shown in figure 5.2 and 
figure 5.3. 
Similar to the previous study presented in chapter 4, variations on exit blockage were 
initially tested. Thus, for this section of the investigation it was necessary to 
manufacture an exit plate that provided an ex it blockage of 0 % and 50 %. A steel 
plate of 2 mm thickness was employed with exit section of 75 mm width running 
from chamber front face to rear face. A schematic of the chamber exit plate fixed in 
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place is shown in figure 5.1. As well as the exit plate, in order to contain the premixed 
charges thin plastic membrane was used as described in section 4.2.2. 
5.2.3 Ignition System 
Testing presented in chapter 4 employed the use of a commercially available 
automotive spark ignition system adapted to a llow single, trigger pulsed, controlled 
ignition of methane air mixtures. In view of the success of the system in terms of 
ignitabi lity and repeatability it was chosen to continue the use for the purpose of 
studies presented in this chapter. The common design features of both rig 1 and 
rig 2 , made available the use of the same ignition system. 
The main components of the system comprised a 12 V power supply unit, a 
Lumenition power command module, e lectronic ignition co il and spark plug. A 
detailed description of the design and implementation of the ignition system is given 
in chapter 4, section 4.2.3. ln brief, the system utilised a 5 V TTL trigger pulse 
converted to a signal recognised by the power command module to switch the vo ltage 
inside the e lectronic ignition coil. This resulted in a high voltage discharge from the 
coil, which was directed through the HT lead and across the spark gap. 
5.3 Laser Diagnostics 
For the investigation presented in this chapter, the initia l work concentrated on 
deta iled visualisation of the vortex structures generated and the quantification of the 
velocity field associated with those structures. For this purpose a single camera 
particle image velocimetry, PIV, was employed. The second area of the study 
involved the visualisation and quantification of the interaction between vortex 
structures and propagating flame. A new development of the PIV technique was 
employed to achieve this. The diagnostics involved the combination of essentially two 
separate single camera PIV systems to image exactly the same area within the 
chamber at sequential times. A detailed description of the PIV technique is given in 
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chapter 3. section 3.5 for reference, with the following sections describing in detail 
the setup and analysis procedure associated with each of the techniques. 
5.3 .1 Single Camera PIV 
The single camera technique provided high reso lution images for the visualisation of 
the vortex structures and subsequent flame shapes generated during use of the new 
combustion chamber. Image- pairs obtained were analysed using commercially 
avai lable PlY software to provide data on the velocity fie ld of the turbulent structures. 
The PlV setup employed was as discussed in detai l during section 3.5.3. It involved 
the use of a New wave Nd:Y AG laser, model solo !I! providing 2 pulses of laser light. 
The laser light was formed into a thin light sheet, which illuminated the olive oil 
seeding within the region of interest in the combustion chamber. A high resolution 
TSI PIVCam was then used to image the light scattered by the seeding, during each 
laser pulse, on two separate frames. Each frame was then stored to the controlling 
PC's hard drive, for use later as visualisation and PlY velocity calcul ation. The 
connection between laser, camera and PC is shown in figure 5.4 The figure also 
includes the timing box generator, employed by the PJV software to control laser and 
camera timing. 
The timing of the single camera PIV system employed was similar to that given in 
figure 3. 14. However, when operating the imaging system in conjunction with the 
ignition of the premixed charge an external trigger input, which allowed the tiring of 
the PJV system to be delayed, was added. A TIL level signal was synchronised to the 
ignition system trigger signal and connected to the external input port of the timing 
box generator. An 'on screen' dialog box in the PIV software allowed a camera 
trigger delay time to be set with respect to the external input signal. This then allowed 
the imaging of the vortex and flame development with time by adjusting the camera 
trigger delay value. 
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Figure 5.4 Schematic of the single camera PlV, showing connections between laser , 
camera, timing box generator, and controlling PC 
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The imaging area produced depended on both the laser sheet optics and the camera 
lens. For th is study both laser and camera were mounted on a z-axis traverse that 
allowed the subsequent imaging of the entire combustion chamber. The laser sheet 
was formed using a I 000 mm focal length spherical lens and a - 25 mm cylindrica l 
lens. Each lens was attached to the laser head structure located on the laser head. 
Together the lenses produced a laser sheet approximately I mm thick and .I 00 mm 
high at the area of interest within the combustion chamber. The power of each laser 
was set using a Q-switch delay time. For the studies presented, the Q switch delay 
time was set at 130 f.lS to provide the required laser output power. The orientation of 
the laser sheet with respect to the chamber can be seen in figure 5.5. The camera was 
positioned perpendicular to the front face of the chamber at a distance of 250 mm. A 
55 mm Af Micro Nikkor lens was fitted to the camera to provide imaging was 
operated with an aperture setting of f/8. 
The laser and camera combination provided a diffraction limited spot size, 
representative of the image size of each sub micron sized particle, equal to 12.8 ).UTI . 
The actual image area provided by the I 000 by 10 16 pixel array was equal to an area 
52 mm by 52 mm within the combustion chamber. Thus, based on the nominal 
particle diameter produced by the TSI six jet atomiser (detailed in chapter 3) seeding 
particles in the flow equate to an image size of approximately 1.36 pixels. 
fmages obtained were stored as TlFF file format pictures, which could be used for 
visualisation purposes or imported into the TSI Insight PIV software and used for 
velocity field analysis. A description of the Insight software and techniques employed 
is given in preceding section 5.3.3. 
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Figure 5.5 Schematic of rig 2 showing orientation of the Nd:YAG laser sheet 
introduced into the combustion chamber for PIV diagnostics 
5.3.2 Twin Camera PIV 
The twin camera PJV technique developed for this study aJlowed the captw·e of two 
sets of high resolution image pairs at a predetermined time separation. Each image 
pair provided detailed visualisation of the vortex structures and vortex/flame 
interactions. As with the single camera PlY technique, image pairs were analysed by 
the Insight software to produce velocity fie ld profiles. In a similar manner, flame 
velocity profiles were calculated using the first frame images from each image set. 
The two analysis methods for flow and flame were then combined to provide 
derivation of a flame displacement speed in order to fu!Jy quantify the vortex flame 
interactions. 
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As stated previously, twin camera PIV comprised of essentially two separate PlY 
systems, with both laser sheets aligned with in the combustion chamber, and both 
cameras imaging exactly the same region of interest. Two New wave Nd:YAG lasers 
model Solo Ill were employed to provide the required laser sheets, and two TSI 
PIVCams were mounted in conjunction with a beam splitter to a llow recording of the 
same image area. For the purpose of the study, the first camera and laser system 
combination was labelled Set A, and the second Set B. The output from each laser 
was formed into a sheet using the same optics as the single camera PlY setup, a 
1000 mm focal length spherical lens, and a -25 mm beam diverging cyl indrical lens. 
Laser light introduction to the combustion chamber was similar to that represented in 
figure 5.5. Laser powers were controlled through the software to achieve the correct 
amount of light scattering for the camera aperture. The laser powers, as detailed in the 
previous section, were controlled using the Q switch delay time. For the studies 
presented the Q switch of each laser was set as follows, set A laser 1 and laser 2 was 
160 JlS, and set B laser L and laser 2 was 110 JlS. Each camera was operated with a 
50 mm AF Micro Nikkor lens. Set A lens was operated with an aperture equal to 
f/5.6, and set B lens an aperture off/8. Both camera and laser systems were contro lled 
using a separate timing box generator and PC. 
As detailed previously the diffraction limited spot size represents the image size of 
sub micron sized particles. For the laser camera combinations involved in this setup 
the diffraction limited spot size was calculated to be 9.4 f.UTI for set A, and 13 .4 ~tm for 
set B using equation 3.13. Each camera provided a recording area of I 000 by 
1016 pixels, which corresponded to an actual area within the flow of approximately 
30.5 mm by 30.5 mm. For set A camera and laser combination, each sub micron sized 
particle represented 12.2 pixels, and for set B a seeding particle occupied 13.7 pixe ls. 
ln order to achieve image pair separation, the laser and camera combination of set A 
was required to fire at a time t, followed by the laser and camera of set B at a time 
t + L1t. Consideration of the physical properties of each camera, in terms of frame 
exposure time, resulted in the need for the modification of set A camera and the 
output of set B laser. Figure 3. I 4 presents the timing diagram for a single camera PTV 
setup, using this it was obvious that if the delay period L11 was less than 33 ms, the two 
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laser pulses from set B would appear on the second frame of the set A camera. 
Therefore, there was a need to block the laser light of set B from the camera of set A 
in order to achieve small image pair separations. This was achieved by rotating the 
polarisation of the laser light output of set B laser, and adding a polarisation filter, 
rotated to mask out the modified laser light, to the lens of set A camera. A half wave 
plate optic was added to the output of set B laser, before the produced sheet was 
aligned with that of set A. The lens of set A camera was fitted with a polarisation 
filter, which was rotated to block set B light. 
Using a similar method to the single camera PIV setup described previously, an 
external trigger input function was used for timing both imaging sets. The laser 
camera arrangement of set A received an external signal from the ignition system 
trigger. A delay was then added to this using the software timing program. The second 
laser camera combination of set B was then also triggered using the ignition system 
signal, however using the software timing function the extra delay, Llt, was 
incorporated. This provided the time separation between the first and second image 
sets required, as represented in figure 5.6 
Image pairs were captured using the TSI Insight PIV software. The software provided 
on screen control of both camera and laser timing for data collection. A description of 
the software and functions employed is given in the following section. 
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Figure 5.6 Timing diagram to show the required laser and camera timing sequence, 
for each image pair set using twin camera PTV. The diagram is not to scale 
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5.3.3 PIV Software 
For the investigations involving PJV presented in the remainder of this thesis the 
commercially available TSI Insight version 3.3 software was used. The software 
allowed on-screen control of the camera and laser for accurate timing and data 
acquisition. lt also provided the basis for ve locity field calculation using a two frame 
cross correlation technique, as described in section 3.5. 
The appearance of the software was as shown in figure 5.7. The on-screen window 
allowed setting of laser pulse separation, dt and the required camera trigger delay for 
single and twin camera image recording. Control of the laser power was also offered 
on screen, allowing adjustments to the amount of light scattered by the seeding 
particles for a given camera aperture. For the majority of the data presented in this 
thesis the timing was set with a 255 ~ delay from the initial camera synchroniser 
TfL trigger to the firing trigger of the first laser. A laser pulse separation, dt, of25 ~ 
was applied to allow the capture of the velocity field range present in the combustion 
chamber during testing. 
On completion of the image capture, the software provided a num ber of functions that 
were applied to produce accurate velocity field profiles. The first step of the ana lysis 
process was to calibrate the recorded image size, in pixels, with the actual size the 
image represented inside the chamber, in millimetres. Prior to, and on completion of 
testing, image scales were recorded using the PlY software. The images obtained 
were analysed separately to provide a measurement in both x and y directions for the 
derivation of a scale in terms of f.!m per pixel. Using the calibration function present 
in the software the x, and y scale was input to allow accurate calculation of ve locity in 
standard international units. For the single camera studies presented, the values of x 
and y scales were 52.0 f.lTn per pixel in the x direction, and 52.0 f.!m per pixel in the 
y direction. For the twin camera studies the x and y scales were 30.6 }lm per pixel and 
30.6 f..UTI per pixel. 
The software was set to perform calculation of each velocity field using a two frame 
cross correlation routine, which incorporated an FFT correlation engine and a 
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Gaussian peak search algorithm. As described in chapter 3, the process involved 
calculation of velocity based on a number of interrogation regions. For the purpose of 
both single camera and twin camera PTV, analysis a 32 pixel by 32 pixe l interrogation 
region was chosen. This equates to 1.66 mm by 1.66 mm area for the single camera 
and 0.978 mm by 0.978 mm area for the twin camera studies. 
The cross correlation method of processing PIV images can generally produce over 
95 % correct velocity vectors [97], however, spurious vectors can a lso be produced. 
For the results obtained during this study good agreement over the vector field region 
was achieved, though, as with a ll experimental investigations using PlY, a small 
number of false vectors were apparent. Details of associated errors are given in the 
following section. To reduce spurious vectors the use of interactive velocity vector 
validation was employed on each calcu lated velocity field. The software provided a 
number of inbuilt macros, ranging from a standard deviation filter to a smooth filter, 
which allowed the substantiation of the computed results. Results presented in this 
thesis were subjected to a median filter. The local median filter applied, compared 
each velocity vector in the field with a median value calculated from the surrounding 
neighbourhood vectors. Each median value was found by sorting neighbouring 
vectors u velocity component into ascending order. The middle value was then taken 
to be the median. The same process was completed for each surrounding neighbour v 
velocity components. A predetermined tolerance level of 2 ms-1 was used to specify 
how far from the neighbourhood median the u and v velocity component could be. 
The software allowed the use of various sized neighbourhood grids, and for the data 
given a 3 by 3 neighbourhood was employed. 
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Figure 5.7 Example of the Insight version 3.03 PIV software screen functions, 
highlighting camera/laser timing control and laser Q-switch control 
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5.3 .4 PIV Errors 
Section 3.5.9 of chapter 3 detailed typical errors and overa ll accuracy involved in the 
use of PJV. Measurement error assoc iated with the technique was shown to be 
composed of systematic errors and residual errors, based on equation 3.12 (86]. The 
systematic error is the e rror related to the inadequacy of the statistical method of cross 
correlation. The errors are affected by the methods defectiveness in application to 
areas w ithin the flow containing high velocity gradients, or the inclusive use of an 
inappropriate sub pixel peak estimator [86]. Residual errors are a result of 
measurement uncertainty, even when a ll systematic errors have been removed from 
the analys is. 
However, in practical PIV systems it is not a lways possible to separate the systematic 
errors and the residual errors. In such cases the total error of the system is commonly 
expressed as the sum of the bias error, &bias, and the random error, craud, such that 
(5. 1) 
Random error is inherent in PIV measurement systems and occurs due to the random 
positioning of seeding part ic le images with in the chosen interrogation region [ I 08]. 
Random error can be quantified as the magnitude of the RMS variation in ve locity 
due to partic le image position. Previous studies have shown that theRMS variation in 
velocity is increased when velocity gradients ex ist across the interrogation 
region [ l 09]. The bias error, generally expressed as the mean bias error, is the 
difference between the actual particle displacement and the mean particle 
displacement within the interrogation region [ 11 0] . 
For typical data presented in. this thesis, the errors invo lved have not been quantified 
in terms of those described above, however, the presence of velocity gradients in the 
measurement regime can be expressed in terms of random error based on studies 
presented by Law son [ 111). An error measurement vector was defined relative to the 
measured flow velocity and fluid velocity at the centre of the inte rrogation region. 
This was then converted to a scalar quantity by expanding the re lationship in terms of 
176 
u and v velocity components and x, y and z coordinates. Further modifications to the 
theory took into account the interrogation region size, L;, and the laser sheet width, W, 
to form the equation 
where JU0 j is the magnitude of the fluid velocity at the centre of the interrogation 
regjon, and N is the number of particle image pairs per interrogation region. 
For a typical PfV analysed experimental run from data presented in this thesis the 
error calculated using the Lawson equation given in equation 5.2 produces the plot 
given in figure 5.8. The figure shows that for this typical velocity field the random 
errors associated with the PfV setup is small. 
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Figure 5.8 Calculated random error for a typical experimental PIV run 
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ln terms of the cross correlation techniques abili ty to analyse the data acquired, errors 
can be assumed in terms of the imaged particle size with respect to the recording 
median resolution. For the data presented in this thesis the imaged size of the particles 
on the camera CCD, d;, can be calculated using the equation 
(5.3) 
where ds represents the diffraction limited spot size, Mmag the magnification of the 
system and dp the particle diameter [109). Based on equation 5.3, particle image sizes 
of 12.2 J.U11 for the single camera PIV and 13.7 f.U11 for the twin camera PIV setup. 
This can be compared to the resolution of the recording median using the relationship 
proposed by Adrian [I 09] 
(5.4) 
where d; is the imaged particle diameter, er is the number of samples per di ameter, 
and dr is the resolution of the recording median which in the case of digital cameras is 
equal to the pixel spacing. For the CCD camera type employed in this study where the 
pixel spacing is 9 f.U11 and a reference value of er= 2, as given by Adrian [ I 09], one 
can see the relationship given in equation 5.4 is not held. Thus, some errors associated 
with the inadequacy of the recording median to allow accurate measurement of 
displacement are expected. 
5.4 FlameNortex Combustion Chamber Preliminary Testing 
This section presents experimental results obtained to determine the nature of the flow 
structures and subsequent flame shapes generated with respect to the newly 
introduced combustion chamber of rig 2. Pre liminary investigations into the effect of 
exit blockage are presented first. Single camera PIV images provide visualisation 
sequences and determination of flow field velocity. Quantification of obstacle pair 
geometry on the production of vortex flow structures is analysed. Discussion is given 
with respect to image and flow fi eld velocity sequences 
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5.4.1 Chamber Exit Blockage 
The init ial test configuration for the preliminary study of combustion chamber exit 
blockage employed the largest obstacle spac ing geometry. Two 30 mm wide obstacles 
were positioned to provide a gap of 15 mm along the centre line of the combustion 
chamber. The obstacles allowed both the generation of vortex pairs by impulse 
method and, development of a propagating flame front section, through the opening 
provided. 
The sing le camera PlY technique, discussed in section 5.3, was employed with timing 
of the image pair acquisition made relative to the ignition of the sto ichiometric 
methane-air mixture present. Control over the time delay period between mixture 
igniti on and capture trigger provided mapping over the entire range of fl ow generation 
and flame development. The highly reproduc ible nature of the experimental procedure 
allowed, as with data presented by Mueller et a l. [65], the compilation of results taken 
from individual experimental runs to produce a sequence of both high reso lution 
digital images and PIV calculated velocity fi elds for each configuration. 
The sequence of detailed images presented in figure 5.9 provides a typical 
representation of the development of fl ow structures in the wake of the two vortex 
generating obstacles with no exit blockage. The position of the captured area with 
respect to the combustion chamber geometry can be seen by the schematic 
representation ofthe two obstacle sections. 
The appearance ofthe turbulent structures can be seen with respect to the small dark 
circular formations located downstream of the obstacles. Particle seeding introduced 
into the fl ow is forced out by the rotating nature of the turbulence. Th us, it is clear 
from the digital images that small scale turbulent eddy structures were formed as a 
portion of the unbumt mixture, initially located beneath the obstacles, was forced 
through the constriction in a similar manner to the speaker technique of previous 
workers [62,63,64]. 
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Interestingly it is apparent from the images that, unlike the previous studies, rather 
than a single pair of large eddy structures, a number of small tightly rotating vortices 
were produced. This can be seen in the first image, at t = 22.5 ms, downstream of the 
left hand side obstacle four clear small structures were recorded. However, as the time 
period increases and the structure translates further downstream there appears a larger 
overall recirculation. This motion is highlighted by the schematic arrows added to the 
image at t = 22.9 ms. The overa ll structure roll up initially moves downstream and out 
from the centre of the chamber, before rotating and curling back towards the chamber 
centre line. 
The formation of the overall recirculating eddy structure is further highlighted by the 
PIV results obtained at each point in time. These can be seen in the lower image 
sequence presented in figure 5.9. The veloc ity field shows two overall recirculations 
located almost symmetrically about the chamber centre line fo r t = 22.5 ms 22.7 ms 
and 22.9 ms. These recirculations can be considered a vortex pair, which at 
t = 22.5 ms was located approximately 18 mm downstream of the obstacles. As time 
progresses the vortex pair can be seen to translate downstream, with the centre of each 
structure reaching approximately 20 mm at t = 22.9 ms. The overall speed of the 
recirculation was found to be 1.2 ms·1• However, in the regions close to the jetting 
flow, velociti es associated with the recirculations can be seen as high as 7 ms"1• 
The velocity field derivation clearly highlights the jetting of the flow that occurs after 
mixture ignition. Mixture is forced through the obstacle opening with a velocity 
approximately 6 ms·1 and develops to a maxi mum of 8 ms·1 at locations just above the 
horizontal centre line of the vortex pairs. After passing the position of the 
recirculations, the overall flow slows and diverges out towards the containing wa lls of 
the combustion chamber. At t = 22.5 ms the maximum flow speed close to the 
chamber ex it is around 1.8 ms" 1, which increases to 2.8 ms·1 at t = 23.0 ms. Close to 
the top of the analysis region, the flow becomes vertical in nature. This is a result of 
the lack of restrictions on the chamber exit, and can result in different modes for the 
further development of the flow and flame. An example of this can be seen in the last 
velocity field image at t = 23.0. The direction of the flow begins to vary from the 
vertical, angling towards the right hand side of the chamber. 
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Variations caused in the direction of the flow, due to the lack of exit blockage, 
become more apparent with the ensuing development of the flame front through the 
obstacle gap. Figures 5. 1 Oa and 5.1 Ob presents a digital image sequence and 
corresponding velocity field derivation for the first and second phase of a typical 
flame development observed with no exit blockage. In thi s case at t = 24.5 ms the 
flame was recorded having propagated into the wake region of the obstacle pair. From 
the image it is apparent that the flame has a similar shape to those observed in the 
freely propagating study presented in chapter 4. At t = 25.0 ms the flame shape 
remained the same, having propagated further downstream to approximately 20 mm 
above the top face of each obstacle. Ln both images small scale recirculations as seen 
in the flow field development were present further downstream. On the basis of the 
flow field results it was assumed that these small scale structures formed a larger 
overall recirculation pair which resulted in the flame shape recorded at t = 25.5 ms. 
The image shows the upper edge of the fl ame front narrowing as it propagates through 
the unburnt mixture located between the large vortex pair. In the fi nal image 
presented at t = 26.0 ms the flame can be seen to be entrained into the recirculation 
either side, resulting in an increase in the fl ame area as the tips of the flame are 
stretched around the recirculation. 
ln terms of the effect of exit blockage, it is clear from the images that the fl ame front 
in the early phase propagates in a generally vertica l manner. Considering the velocity 
field data it can be seen that similar to the early stages of the flow development 
presented previously, the flow ahead of the flame remains vertical in nature as it ex it 
the combustion chamber. High velocities in the flow in front of the flame can be seen, 
with speeds upto 9 ms"1 immediately ahead of the fl ame front, and 7 ms" 1 in the region 
above the flame. The vortex pair recirculations are apparent, remaining symmetrical 
about the chamber centre line even with the presence of the flame. However, the 
interaction of the flow ahead of the flame and the vortex structures which results in 
divergence of the flow, becomes vertical on leaving the analysis region due to the lack 
of exit blockage. 
The second phase of flame propagation within the chamber with zero exit blockage 
can be seen in figure 5. 10b. The first digital image presents the flame at t = 26.6 ms, 
prior to this the flame structure is similar to that given in the last image of 
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figure 5.1 Oa. It can be seen that the overall flame motion is moving away from the 
vertica l, skewing towards the left hand chamber wa ll. As the flame develops further, 
the flow recirculation generated on the left of the chamber centre line becomes more 
prominent, and as time develops the flame becomes entrained into the flow structures. 
This can be seen in both images oft= 26.8 ms and t = 27.0 ms. The resul tant flame 
shape diverges from the vertical by approx imately 30 degrees. 
Concentrati ng on the corresponding flow velocity fields located below the digi tal 
images one can see the development of the vortex pair as the flame skews. The 
recirculations remain in line and perpendicular to the axis of the flame, with the 
vortex located on the right hand side of the flame moving further downstream. The 
speed of the recirculations close to the flame tip are constant at approximately 
1.2ms·1• Interestingly the appearance of a new vortex pair that form just above the top 
face of the obstacles can be seen at t = 26.6 ms and t = 26.8 ms. As the tip of the 
flam e develops and interacts with the large recirculations further downstream, 
interaction also occurs with these newly generated vortices. 
The flow velocity abead of the flame increases to 8 ms·1, though due to the lack of 
blockage and the skew nature of the flame alters direction, moving towards the left 
hand side of the combustion chamber. This change in direction of flame and flow 
ahead alters the overall flow structure moving out of the analys is area, and into the 
rest of the chamber. As with the flow at earlier times, ie first phase of flame 
development, mixture within the right hand side of the chamber diverges away from 
the flame before straightening and flowing vertica lly. Mixture ahead of the flame was 
forced along a similar angle as the flame motion, and is allowed to continue moving at 
that angle due to the lack of exit blockage. This can be seen in the top left hand area 
of the velocity fields shown in figure 5.1 Ob. 
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Figure 5.9 High resolution dig ital image seq -.1ence depicting flow field development in wake of 15 mm spaced obstacles and no exit blockage, 
together with corresponding cross correlated PIV images showing the overall velocity field 
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Figure 5.1 Oa lligh resolution digital image equence depicting first phase of flame de elopment in wake of 15 mm paced obstacles and no exit 
blockage, together with corresponding cross correlated PIV images showing the overall flow field elocity 
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Figure 5.1 Ob High resolution digital image sequence depicting second phase of flame development in wake of 15 mm spaced obstacles and no 
exit blockage. together with corresponding cross correlated PlY images showing the overall flow fJeld velocity 
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The flow field and flame progression depicted previously concentrated on viewing the 
overall structures formed with the use of the largest obstacle gap and no exit 
blockage. This data provided detailed description of the basic process involved in the 
experimental environment presented in this chapter. From these results it was obvious 
that in the case of zero blockage the flow was free to vent at any di rection, at any 
point along the exit of the chamber. Therefore, with the introduction of a 50 % 
blockage, 25 % by area running along both right and left hand sides of the chamber, 
the interesting differences in the flow would occur away from the centre where free 
venting could occur. Thus, to aid investigation of the effect of imposing an exit 
blockage on the chamber, the analysis area was shifted 25 mm towards the right hand 
containing wall. 
Figure 5.1 1 a presents the first phase of flow and flame development for the case of 
15 mm obstacle gap and zero exit blockage. In a similar manner to the early 
development discussed previously the flame propagates in a vertical fashion as the 
recirculation generated by mixture flow through the central obstacle gap develops, see 
times t = 24.0 ms and t = 24.5 ms. At t = 25.0 ms it is clear to see the flame skewing 
towards the right hand containing wall of the chamber. The corresponding velocity 
field representations show the right hand side vortex structure developing ahead of the 
flame. Also, a second large recirculation structure is shown in the lower right hand 
corner of the image. This vortex develops as a result of unbumt mixture forced over 
the outside corner of the right hand obstacle. The flow ahead of the flame reaches 
similar speeds of 8 ms-1 to that described previously. As the overall direction of the 
flame moves away from the vertical, the flow in the left hand of the image is directed 
at an angle, whilst the flow above the constriction between obstacle edge and 
containing wall moves in a vertical direction. This recorded flow motion is a result of 
the lack of restriction imposed on the flow by chamber exit blockage. 
Further flow and flame development sequences presented in figure 5.11 b show the 
interaction of the flame with the central vortex structure. At t = 25.5 ms the flame 
begins to curl into the recirculation, whilst a second smaller vortex structure begins to 
form close to the obstacle face. As discussed previously the fl ame then develops into 
and interacts with both recirculations, skewing more to the right as shown at 
t = 26.0 ms. At t = 26.5 ms, the central flame has developed further into the flow 
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structures and a new flame front has propagated into the wake region from the 
constriction between obstacle and chamber wa ll. The corresponding flow velocity 
field diagrams show the development both of the central vortex structure and the 
lower obstacle edge vortex. The central vortex recirculates with an typical speed of 
1.2 ms·1, and the lower recirculation 1.5 ms'1• The flow ahead of the flame continues 
to move from the vertical with speeds reaching 9 ms·1• Close to the exit of the 
chamber the flow is recorded to move at a similar angle to that ahead of the flame for 
the entire width of the analysis window. At t = 26.5 ms flow speed ranges from 6 ms·1 
to 7 ms·1• This recorded flow motion is a result of the lack of restriction imposed on 
the flow by chamber exit blockage 
Showing similar features to the early flow and flame development presented for no 
exit blockage, figure 5. l2a shows the development for the case of 50 % blockage on 
the chamber exit. ln consideration of the digital image sequence presented, the vortex 
structures and the propagation of the name at t = 24.5 ms and t = 25.0 ms appears 
very similar to that of the zero blockage configuration. At t = 25.2 ms the path of the 
flame begins to differ from that of the previous case. The corresponding velocity fi eld 
profiles provide an explanation for the difference. In the early images the flow around 
the flame and vortex structure in the central region of the chamber is similar. 
However, the flow to the lower right of the chamber centre begins to develop in a 
different manner. A similar vortex structure is formed from the outside corner of the 
obstacle, but the flow above this vortex takes a steeper angle mowing towards the 
centre of the chamber. Figure 5. 12b presents the second phase of the development, 
with the flame propagating in a vertica l fashion downstream of the obstacle. At 
t = 26. 1 ms the tip of the flame propagates in between the large central vortex pair, as 
the lower half of the flame begins to interact with the newly formed lower central 
vortex. The flame tip interacts with the large central vortex, beginning to curl into the 
flow. As the flame is interacting with the central flow structures the vortex formed off 
the corner of the obstacle continues to develop further. 
The flow velocity profiles for the development of the interaction highlight that speeds 
ahead of the flame remain similar to those detai led for the previous case at 8 - 9 ms·1• 
With the three recirculations generated within this area of the flow having typical 
rotation speeds of 1.0 ms·1 for the lower central vortex, 1.8 ms·1 for the upper central 
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vortex, and 2.0 ms-1 for the obstacle edge vortex. The flow close to the exit of the 
cham ber, above the flame, remains in a vertica l direction. The flow on from the right 
hand side of the chamber differing from the zero blockage case, flows at an angle 
towards the central region of the chamber. The change in angle of the flow in this area 
is a direct result of the restrictions imposed on the chamber exit. 
For the two cases of chamber exit blockage there is a significant difference in the 
development of the fl ow and flame structures. When the flow was free to vent at any 
point a long the chamber exit, variation in the motion of the flame was observed. fn 
the case of 50 % exit blockage, the restriction placed on the exit of the flow of 
unburnt mixture resulted in movement towards the centre of the cham ber and 
stabilisation of the propagating flame. 
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Figure 5.J 1 a High resolution digital image sequence depicting first phase of flame development in wake of 15 mm spaced obstacles and no exit 
blockage, together with corresponding cross con·elated PlY images showing the overaJI flow field velocity 
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Figure 5. 11 b High resolution digital image sequence depicting second phase of flame development in wake of 15 mm spaced obstacles and no 
exit blockage, together with corresponding cross correlated PIY images showing the overall flow fi eld velocity 
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Figure 5.12a High resolution digital image sequence depicting first phase of flame development in wake of 15 mm spaced obstacles and 50% 
exit blockage, together with corresponding cross correlated PIV images showing the overall flow field velocity 
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Figure 5.12b lligh resolution digital image equence depicting second phase of name de elopment in wake of 15 mm spaced obstacles and 50 % 
exit blockage. together wilh corresponding cross correlated PIV images showing the o eraJI now field velocity 
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5.4.2 Vortex Generating Obstacle Geometry 
The next stage of the study was the investigation of the effect of varying obstacle 
geometry, and hence the gap through which flow and flame could propagate. Obstacle 
sizes as discussed in section 5.2 were employed to provide two further experimental 
configurations of I 0 mm and 5 mm openings. The results obtained in the prev ious 
study were also incorporated into this investigation. The stabilising influence of the 
SO% exit blockage was included into the chamber setup. 
As with results presented for the previous study, sequences of high resolution digital 
images, together with corresponding calculated velocity flow fields are given to aid 
description of the observed phenomena. The analysis window for the recording was 
based on a central region within the combustion chamber. Figure 5.13 presents an 
example of flow structure development in the wake of a I 0 mm obstacle gap. The 
images show a number of small scale vortex structures formed from the inside corner 
of each obstacle and running almost vertically downstream. At t = 22.0 ms, in a 
similar manner to the 15 mm spacing a large recirculation occurs towards the most 
downstream, however smaller structures are formed below. With an increase in time, 
the smaller structures appear to translate further downstream and become entrained 
into the larger overa ll recirculation. 
Figure 5. 14a presents the first phase of a typical image sequence for the subsequent 
development of a section of the flame through the 10 mm opening. Over the time 
period t = 23.0 ms tot= 24.0 ms the flame front enters the wake region with a similar 
structure to that of the freely propagating tube fl ame. Ahead of the flame a pair of 
small scale turbulent structures are visible, together with the larger overa ll 
recircu lation pair. In the image depicting t = 24.5 ms the flame begins to interact with 
the smaller vortices, the tip of the flame narrowing as it passes between them. The 
parallel velocity field data is presented below and highlights the main points given in 
the image sequence. The small recirculations can be seen close to the flame, with the 
larger vortex structures approximately 35 mm downstream of the obstacle. 
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Further development of the flame is given in figure 5. !4b. The flame front continues 
to propagate downstream in a vertical manner with the edges of the flame interacting 
with the small scale structures present. At t = 25.0 ms a number of vortex pai rs are 
captured above the flame front. Over the remaining period the flame the flame front 
continues to propagate through the centre of the vortex pairs, apparently forcing them 
apart. Edges of the flame front then interact with the structures, fo llowing the 
recirculation path, as shown at t = 26.0 ms. 
The final obstacle geometry studied provided a 5 mm gap, and the generated sequence 
of flow field development in the obstacle wake is given in figure 5.15. At t = 22.0 ms, 
a single pair of vortex structures can be seen downstream of the obstac le face. At the 
next image time a second pair of small vortex structures has been generated in the 
region between the first structures and the obstacles. The two sets of rec irculations are 
aligned in the vertical direction. Formation of more small scale structures occurs, as 
shown in images at t = 22.7 ms and t == 23.0 ms, with the initial vortex pairs 
translating further downstream. Consideration of the corresponding PlY velocity fie ld 
data shows the initial vortex formation as a recirculation located approx imate ly 
25 mm downstream of the obstacle, having a typical speed of 0.9 ms·' . In between the 
vortex pair a region of faster flow is present, with the maximum flow velocity 
of9 ms·' recorded. ln the subsequent flow development vortices with similar 
rotational speeds are formed downstream. [n each case a region of higher velocity 
fl ow is generated between the structure pairs. 
Development of the flame into the flow field described previously can be seen for a 
typical fl ame propagation in the sequence presented in figure 5.16. The first image of 
the sequence taken at a time of t = 26.5 ms shows the tip of the flame hav ing 
propagated through the obstacle opening. Ahead of the flame two pairs of vortex 
structures have been formed, tying along symmetrical vertical lines. In the second 
frame of the sequence the flow recirculation structures have translated further 
downstream towards the combustion chamber exit, and a third vortex pair formed 
ahead of the flame. However, the shape of the flame front remains similar to that of 
the previous frame. An interesting point to note with the development of the flame 
front through the 5 mm opening is the appearance of a flame front at the right hand 
edge of the image window. This is a section of the flame that propagates around the 
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outside through the constriction between obstacle and containing wall. At t = 25.5 ms 
the presence of the flame front that propagated around the obstacles is clear on both 
the left hand and right hand side of the imag ing area. The flame of interest that burned 
through the obstacle gap has also continued to develop, propagating further 
downstream and interacting with the recirculation structures formed. In the final 
frame of the sequence, the larger flame fronts propagate in a downwards towards the 
obstacles, but appear to not have burnt towards the central flame to reattach. The 
central fl ame again continues to propagate downstream, with further interaction with 
recirculating structures causing the tip of the fl ame to be curled. Lower areas of the 
flame surface also appear to interact with newly formed turbulent structures. 
The flow velocity profiles also presented in figure 5.16, highlight the structures 
around the flame front. At t = 23.5 ms recirculations ahead of the fl ame rotate with a 
typical speed of 1.9 ms-1• Areas between the recirculations have a resultant vertical 
flow which reaches a maximum of I 0 ms-1• The flow fie ld produced also shows that 
the flame front passing through the constrictions between obstacle and chamber wall 
causes a horizontal motion in the flow. The net result of this and the motion of the 
flow in the central region is an almost stagnant region between the central area and 
outside edges. As the outside edge fl ame begins to propagate further into the analysis 
window the initial areas of low flow are replaced with flow directed towards the 
chamber ex it. Ahead of the central flame the flow also moves towards the exit area. 
Parts of the rec irculation can still be observed, however the propagation of the flame 
into the flow reduces the overall recirculation. 
The results presented in this section show clear differences in the structure of the 
vortex fl ame interactions within the combustion chamber. The smaller 5 mm obstacle 
gap produces a greater number of smaller vortex structures in the wake region when 
compared to the 15 mm opening. The larger gaps promote a large overall recirculation 
that appears to contain a num ber of smaller structures. 
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Figure 5. 13 lligh resolution digital image sequence depicting mode of flov .. field de elopmcnt in wake of I 0 mm spaced ob tacles and 50% exit 
blockage. together with corre ponding cross correlated Pi V images ho\\ ing the overall flov lield elocity 
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Figure 5.14a High resolution djgital image sequence depicting first phase of name development in wake of 10 mm spaced ob tacles and 50 % 
exit blockage. together with corresponding cross correlated PIV images sho\ ing the overall tlo\\ field velocity 
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Figure 5.1 4b High resolution digital image sequence depicting second phase of fl ame development in wake of 10 mm spaced obstacles and 50 % 
exit blockage, together with corresponding cross correlated PTV images showing the overall flow field velocity 
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Figure 5. I 5 lligh resolution digital image sequence depicting mode of flo, field de,clopment in wake of 5 mm spaced ob taclcs and 50 % exit 
blockage, together \Vith corresponding cross correlated PIV images sho' ing the overall flow field velocity 
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Figure 5. L6 High resolution digital image sequence depicting mode of flame development in wake of 5 mm spaced obstacles and 50% exit 
blockage, together with corresponding cross correlated PIV images showing the overall flow field velocity 
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5.4.3 Comparison of Results with Literature 
Previous studies investigating the effect of flame interaction with vortex structures 
have been completed, with brief reference provided in chapter 2 section 2.2.4. Earlier 
work by Roberts and Driscoll [62] involved high speed imaging of a propagating 
flame front interacting with a vortex pair. They concluded that four distinct regimes of 
flame vortex interaction were apparent, the no effect regime, wrinkled flame regime 
the pocket formation regime and the local quenching regime. Further studies by 
Roberts et al. [63] continued the in vestigation of flame vortex interactions to quantify 
flame quenching by turbulent structures. In both cases data was presented with 
regards to the rotational speed of the vortex, Uo, and the vortex core diameter de. In 
both cases the interaction between vortex and flame was as shown in figure 5. L 7. The 
diagram shows that the flame and vortex structures propagate in opposing directions. 
Studies by Muel ler et al. [65,66] also involved the use of flame and vortex 
propagating in opposite directions, with results aimed at quantifying the effect of the 
vorticity field and flame stretch on the interaction process. 
Reactants 
Products 
Vortex Pair 
Laminar 
Flame 
Figure 5. 17 Schematic to show the formation of flame vortex interactions in opposing 
directions, as presented in previous studies [62,63] 
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Samaniego and Mantel [67] investigated flame vortex interactions, however employed 
the use of vortices propagating into a stationary stabilised V-shaped flame. This 
technique was similar to the work presented by Roberts et al. with the vortex 
propagating into the flame front. Samaniego and Mantel [67) proposed a definition of 
the conditions of their study with respect to early work, plotting a vortex flame 
diagram based on UriSL versus ddoL. Figure 5.18 presents a copy of the flame-vortex 
interaction diagram proposed by Samaniego and Mantel [67], clearly defining the 
areas of no effect, wrinkl ing and quenching between the solid lines. The shaded 
region of the plot displays the region in which Samaniego and Mantel's study was 
performed. For relevance to the work of this thesis, data points taken from flame 
vortex studies presented within this chapter have been added. The spread of the data 
shows that the flame vortex interactions occurred within the wrinkling flame regime. 
Within this regime, findings suggest that the flame is significantly wrinkled and 
pockets of fresh gas may be entrained within the burnt gas [67]. High resolution 
images presented previous show the fl ame wrinkling, but no trapped pockets of 
unburnt mixture are apparent. 
The studies presented in literature detailed previously are however fundamentally 
different to the results observed in the study presented within this thesis. Results 
presented in this thesis show a bias towards more practical applications in which the 
flame wi ll almost certainly propagate in the same direction as the vortex structures 
translate. ln the examples given no attempt has been made to try and quantify the 
manner in which the flame burns into the recirculating structures, by identifying a 
burning speed relative to the mixture flow. 
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Figure 5. 18 Diagram of Flame-Vortex interactions original presented by Samaniego 
and Mantel [67]. The solid lines represent the limits between three zones. The shaded 
region represents the area studied by Samaniego and Mantel, with data from the 
current investigation also plotted 
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5.5 FlameNortex Interaction Characterisation 
5.5.1 Single Camera PIV Results 
Results from the preliminary investigation into the combustion chamber geometry 
highlighted the interesting nature of the vortex flow structures and flame shapes 
generated when the 5 mm obstacle gap was employed. Stability of the vortex 
structures and the increased regularity of development was apparent. This section then 
concentrates on that specific geometry to develop an analysis technique that provides 
quantifiable results on vortex/flame interactions. 
In the previous section, figure 5.15 and 5.16 presented visualisation results for the 
5 mm spacing case, based on the large viewing window of the single camera 
technique. The results showed the structures generated, however a further detailed 
study of the flame vortex interaction was necessary. Therefore, a smaller scale area of 
interest was employed to help further characterise the relationship between flow and 
flame. Figure 5.19 presents a typical sequence to show in greater detail the flow 
development within the combustion chamber. The corresponding fl ow velocity fields 
are also given to help characterisation of the environment as with findings in the 
previous section. Discussion provided in the previous section is further highlighted in 
the results presented in figure 5.19. Digital images clearly show the development of 
small scale vortex structures from the inside edge of each of the obstacles. The vortex 
structures translate downstream following an almost vertical I in e. As time progresses 
additional pairs of vortices are formed from the obstacle gap. The corresponding 
velocity flow fields help to identify the development of the recirculations as they 
move downstream of the obstacles. 
Development of the flame into the flow structures is shown in figures 5 .20a 
and 5.20b. During the initial phase the flame propagates in free form as seen in results 
presented in the last section. The recirculating structures ahead of the flame continue 
to develop. This is further highlighted in the velocity field diagrams. At t = 23.8 ms 
the flame begins to interact with the flow structures, resulting in a narrowing of the 
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most downstream area of the flame front. Flow structures formed either side of the 
flame also take effect causing the lower flame edge to curl out. Throughout the 
second phase of the flame propagation the fl. ame front continues to interact with flow 
structures located ahead and to the side. At t = 25.2 ms the lower half of the flame 
front has curled into flow recirculations at two positions either side of the centre line. 
The upper half of the flame has narrowed as it passed between the most downstream 
vortex pair. The final image in the sequence highlights the main body of the flame 
interacting with the flow structures formed as the upper most tip has propagated out of 
the image area. 
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Figure 5.19 Jl igh resolution digital image sequence concentrating on a smaller analysis"' indo" depicting mode of flow de' elopment in wake of 
5 mm paced obstacles and 50% exit blockage. together with corresponding cros correlated PIV images showing the overall nov. field elocity 
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Figure 5.20a High resolution digitaJ image sequence concentrating on a smaller analysis window depicting first phase of flame development in 
wake of 5 mm spaced obstacles and 50 % exit blockage. Corresponding cross correlated PlY images show the overall flow field velodty 
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Figure 5.20b lligh resolution digital image equencc concentrating on a smaller analysis windo\J depicting second phase of name de elopment 
in wake of 5 mm spaced obstacles and 50% exit blockage. Correspondjng cross correlated PIV images sbov.~ng the overall no, field velocity 
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5.5.2 Twin Camera PIV Results 
The sequences of results presented in the previous sections were compiled based on 
the repeatability of the experimental configuration. In each case individual runs taken 
at predetermined times were matched to provide explanation of the development of 
the flow and flame structures. In order to provide a more precise clarification of the 
interaction between flow and flame, capture of the interface at two instances on the 
same experimental run was required. 
The twin camera PlY technique was described in detail during section 5.3.2, with the 
key system components outlined. ln brief the new method allowed the capture of two 
sets of high resolution image pairs, with the first image of each set separated by 
300 f..LS. Comparison of the two image sets provide details for the development of both 
flow and flame over the separation period. Each image pair also allowed calculation 
of the flow velocity field at both instances. 
Figures 5.21 and 5.22 present examples of flow field development captured usi ng the 
new diagnostic technique. The left hand image of each figure represents the flow field 
at the first instance, with the second taken 300 flS later. Figure 5.21 shows the 
development downstream of the large initial recirculation pair, which translate 
approximately 2 mm. The region of high velocity flow can also be seen to move 
further downstream over the separation period. The second flow field development 
captured in figure 5.22 again highlights the translation downstream of the vortex 
structures. 
Flame development over two instances is presented in figure 5.23 together with the 
derived velocity field at the first instance. The two high resolution images represent 
the entire analysis window, with the area of the velocity field image given. Flame 
propagation into the mixture through the obstacle opening can be seen in both digital 
images, with sections of the flame front a lso burning in from either side. The dark 
circular areas located above the flame are considered to be highly developed flow 
recirculations that have translated downstream as the flame propagates. In comparison 
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with the second image of the set the flow structures have clearly shifted further 
downstream altering orientation. The outside flame front structures have propagated 
horizontally inwards towards the chamber centre I ine. Importantly the central flame 
front has completed further interaction with the lower vortex structures present. The 
left hand area of the flame has clearly consumed mixture around the vortex, with the 
tip curling in a similar radius to the recirculation. Overall the flame fron t has a lso 
translated further downstream. Analysis provided by the velocity field unfortunately 
fails to clearly define the recirculation into which the flame is seen to propagate. The 
direction of the flow around the edge of the undefined area however does suggest a 
vortex structure was present in the region, as illustrated by the direction arrow. 
A second example of the flow and flame interaction using the twin camera technique 
is presented in figure 5.24. Again both digital images depicting the fl ame position at 
each instance is given, together with the derived flow velocity field of the indicated 
region . The images show a large vortex pair located in the upper region of the analysis 
window. Over the 300 ~ period the bearing of each vortex alters and translation 
downstream occurs. In a similar manner to the prev ious experimental case, the flame 
fronts that have propagated around the obstacles continues to bum towards the centre 
oftbe chamber. Downwards propagation can also be observed, this is thought to be a 
result of the flame interacting with turbulent structures formed from the outside edge 
of the obstacle. The more interesting flame front that propagates past the obstacle gap 
can be seen interacting with the upper recirculations in both image frames. In the first 
frame the most downstream section of the flame front is curving upwards as it 
interacts with the flow. The trend is a lso repeated in the later image, as the flame front 
propagates further downstream. The outside edges of the flame have a lready began 
interacting with the lower vortex structures present. This can be seen by the curling 
nature of the flame. Over the 300 ~ separation the edges of the flame have continued 
to burn with the recirculations, with tips alm ost propagating back towards the main 
body of the flame. 
The fl ow fie ld derivation presented for the first image unfortunately fai ls to c learly 
highlight the actual lower vortex structures, below the curling tips of the flame. 
However, consideration of the flow around the unclassified area promotes the theory 
that a vortex structure is present in this area. The analysis shows the flow ahead of the 
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name to be substantial directed towards the chamber exit, though fails to accurately 
define the large upper recirculations present in the high resolution images. 
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Figure 5.2 1 Cross con elated twin camera PJV images for an individ ua l experimental 
run. Images show the flow velocity field within a small analysis window in wake of 
5 mm spaced obstacles and 50 %exit blockage. T ime between PIV images is 300 ~ts 
Figure 5.22 Cross correlated twin camera PIV images for an individua l experimental 
run. Images show the flow velocity field within a small analysis window in wake of 
5 mm spaced obstacles and 50 % exit blockage. Time between PIV images is 300 11s 
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Figure 5.23 Twin camera PlY high resolution digital image sequence fo r an individual 
experimental run, together with cross correlated velocity fi eld correspondi ng to the 
first image flow fie ld. lmages show the flow and flame development within wake of 
5 mm spaced obstacles and 50 % ex it blockage. T ime between images is 300 !-lS 
2 13 
Figure 5.24 Twin camera PTV high resolution digital image sequence for an individual 
experimental run, together with cross correlated vel.ocity field corresponding to the 
first image flow field. Images show the flow and flame development with in wake of 
5 rnm spaced obstacles and 50% exit blockage. Time between images is 300 ~LS. 
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5.5.3 Flame/Vortex Quantification 
Visualisation results and derivation of velocity fields from the twin camera PIV 
technique provide some further insight into the manner in which a flame interacts 
with a recirculating structure. However, there is a need to quantify the manner in 
which a flame propagates with respect to the unburnt mixture fl ow. In the case of 
freely propagating flames literature states that an accurate estimate of the speed at 
which the flame burns can be taken to equal the propagation speed of the flame in a 
normal direction relative to the unburnt mixture ahead of it [ 42,25]. 
Investigations into the development of laser diagnostic techniques by 
Lecordier et al. [112] highlighted the use of simultaneous measurement of flame 
propagation and flow velocity. Based on a high speed laser tomography technique, 
with the ability for cross correlation between frames Lecordier et al. demonstrated an 
adaptive grid method for quantify ing burning velocity. An example of the technique 
based on experimental testing of a freely, outwardly propagating flame involved the 
use of deriving flame velocity and flow velocity around the flame front. The data was 
then used to determine a burning velocity, Uc based on the equation 
(5 .5) 
where u1 is the flame speed and Ugn is the normal component of the fresh gas 
velocity. 
Though the studies discussed previously primarily concentrated on freely propagating 
laminar flames, the application of equation 5.5 to flames propagating in turbulent 
fields was seen [79]. Trinite et al. [113] considered a flame propagating into a flow 
field with decaying isotropic turbulence. High speed laser tomography was employed 
to provide simultaneous images for flame front development and particle image 
velocimetry for flow field velocity derivation. The calculation of burning velocity was 
then based on the formula given in equation 5.5. 
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Analysis of a propagating flame front interacting with a vortex using a similar 
technique to that described previously was presented by Sinibaldi et al. [68]. An 
expe rimental configuration discussed previously that involved an upwardly translating 
vortex pair and downwardly propagating flame front was employed. High speed 
shadowgraph recordings were used to determine the velocity of the flame front. PIV 
results for flow velocity were then matched to the shadowgraphs to allow the 
calculation of a local flame displacement speed using the equation 
s =V ·n-V ·n d f r (5.6) 
where Sdis the local flame displacement speed, V; is the velocity of the flame, V, is the 
velocity of the reactants ahead of the flame, and n is the unit normal to the flame 
front. 
In o rder to develop an analysis method for the flow flame interactions presented in 
this thesis, results from the twin camera PIV technique were employed to provide 
detailed quantification of both the fl ow and flame velocity for calculation of local 
flame displacement speed. Based on the equation presented by Sinibaldi et at [68] 
analysis of a single flow flame interaction was completed. The example given in 
figure 5.23 was the basis for developing a new method of quantification. The high 
resolution digita l images recorded, with image enhancement, allowed the detailed 
mapping of the flame front at the two time intervals. The PIV analysis of the fi rst 
image pair provided the flow velocity around the fl ame front at the first time instance. 
Positions on the mapped flame front were then matched to the location of flow 
velocity measurements around the flame 's perimeter. Based on the studies provided in 
literature [69], the flame speed was determined at each matched point by assuming 
propagation occurred normal to the flame surface. By comparing the distance covered 
normal to the surface over the period oftime between image sets the flame speed was 
derived. 
However, on comparison of flow and flame velocities the method described 
previously was deemed to be inaccurate in the case where flow movement affected 
the flame propagation. Thus, it was decided that prior to calculating the flame 
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velocity, the effect of the mixture fl ow over the period of measurement should be 
incorporated. The initial flame front was displaced by a distance corresponding to the 
flow velocity at each of the matched points around the flame surface. Then using the 
same method described previously where the distance between flame fronts, normal to 
the first, is used to determine the flame velocity. 
Figure 5.25 presents the calculated results for flame speed between the displaced 
initial flame front and the second flame front for the example case. The velocity of 
both flame and flow were derived at 70 positions around the flame surface. The 
results show an almost uniform flame speed along the most downstream edge of the 
flame front. Flame velocities around the region where the flame is interacting with the 
recirculation structures show differing properties. In the areas of positive curvature, 
the flame is convex to the flow, flame speed is directed towards the unburnt mixture, 
whereas areas of negative curvature show flame speed directed towards the burnt gas. 
Interestingly the lower left central region of the flame front shows large flame speeds 
in the direction of the burnt gas. Comparison of the flow velocity in this region 
indicates a large variance in direction, as the flow moves in an almost vertical manner. 
Differences in the direction of the flow and flame can be seen round the entire 
perimeter of the flame surface. Significantly, the flow can be seen directed at different 
angles to the assumed normal motion of the flame. 
Further analysis based on equation 5.6 resulted in the requirement to resolve the flow 
velocity in the direction normal to the flame front. Figure 5.26 presents a plot of the 
calculated local flame displacement speed at points around the flame front, based on 
the flame speed discussed previously and the resolved flow velocity. The point of 
calculation corresponds to the first matched measurement location on the right hand 
side of the flame. The figure shows that moving around the flame surface towards the 
region of negative curvature, areas where there is a low flame velocity, but substantial 
flow, create a negative flame speed. Typically the flame surface along the upper right 
hand edge creates positive values of Sd, which is mirrored on the opposing flame 
surface. Discrepancies occur at the most downstream tip area, where with relevance to 
the earlier digital images, the flame begins to interact with the upper vortex structures. 
Here the flow between the recirculations results in a high flow velocity compared to 
flame velocity resulting in an negative displacement speed. 
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Figure 5.25 Twin camera PIV analysis diagram of chosen vortex flan1e interaction. 
Arrows represent measured flow and flame velocity at 70 locations around flame front 
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Figure 5.26 Twin camera PIV analysis of displacement speed for chosen vortex flame 
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corresponding flow velocity at 70 locations around flame front 
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Figure 5.27 presents a more detailed comparison of the calculated flame displacement 
speed relative to the measured radius of curvature of the flame front. The figure 
shows Sd normalised with respect to the unstretched laminar flame speed, and the 
radius of curvature relative to the distance around the flame. Moving from the lower 
right hand side of the flame front the change in fl ame shape and so curvature are 
apparent. Along the initial part of the flame surface the curvature is positive, but as 
the region where the flame is assumed to be interacting with the vortex structure is 
approached the curvature becomes negative. As discussed above this is matched by an 
increase in calculated flame displacement speed. Continuing around the flame front 
the curvature becomes positive and relatively constant, this corresponds to an 
approximately constant displacement speed. Notably, the radius of curvature shows a 
sharp change, becoming negative before returning to a positive value. This matches 
the tlame shape in the most downstream section of the flame front. As discussed 
previously, the tip of the tlame begins to interact with downstream flow structures, 
narrowing, and causing a sudden change in curvature along the flame surface. 
Following the change in curvature, the flame displacement speed begins to decrease, 
and reaches a minimum at approximately 25 mm corresponding to the flame tip where 
the radius of curvature is positive. A similar trend to that discussed can then be seen 
as the rest of the flame surface is navigated. The symmetry in the flow structures and 
generated flame shape sbows the relatively constant Sd with slowly decreasing radius. 
Continuing around the flame front, negative flame di splacement speed is apparent in 
the region of negative curvature which corresponds to the section of the flame 
interacting with the left hand vortex. The apparent link between flame displacement 
speed and curvature suggests a correlation exits. Figure 5.28 presents data for 
normalised flame displacement speed against flame curvature. The figure shows an 
apparent correlation between the two parameters. 
Comparisons of values of SriSL for flame-vortex interactions with those in literature 
show some agreement. Sin ibaldi et al. [68] provided calculations of displacement 
speed for a downwardly propagating flame interacting with a toroidal vortex, and 
presented values of S/SL in the range of 0 to 5.5. This compares to the values 
presented in this thesis of a maximum of I 0. However, the results in this thesis show 
negative values of S/SL which is not apparent in the work ofSinibaldi et al. [68]. 
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Literature also highlights further data that can be extracted from the application of the 
twin camera PlY technique. Capture of the flow field velocity ahead of the flame, and 
knowledge of the direction in which the flame front burns normal to its surface allows 
the calculation of the local tangential strain rate, S11• Renou et al [79] based on a study 
of a freely propagating flame interacting with a decaying isotropic turbulent flow 
suggested that the Su could be determined utilising 
S == 8u, 
11 as 
(5.7) 
where u, is the tangential velocity of the fresh mixture ahead of the flame, and s is the 
distance along the flame surface. Having calculated the tangential strain rate, Renou et 
al. [79] also proposed the calculation of the local flame stretch, K, such that 
(5.8) 
where Sd is the local flame displacement speed and h the radius of curvature. 
Figure 5.29 then presents the calculated local flame stretch with respect to distance 
around the flame surface for the flame/vortex interaction example discussed in detail 
previously. The figure also provides the local rad ius of curvature around the flame 
surface for comparison purposes. {t is apparent from the data that large variations in 
local flame stretch correspond to variation in curvature as the flame surface is 
traversed. Again the initial measurement point corresponds to the lower right hand 
side of the flame front. As the data approaches the region of negative curvature where 
the flame front is curling over into the flow recirculation generated, a maximum peak 
in stretch of approximately 9000 s·1 occurs. The calculated stretch then varies in the 
region of the flame around the recirculation, before returning to an approximate 
constant along the upper uniform edge of the flame. In a similar manner to the data 
for normalised displacement speed, as the tip of the flame where interaction with the 
upper flow structures is apparent, variation in stretch is seen. At the points on the 
flame surface prior to and after the flame tip, where the surface demonstrates negative 
curvature, positive peaks in stretch can be seen of approximately 4500 s"1 and 
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3000 s·1• Interestingly at the flame tip where the radius of curvature is small a minima 
in local stretch is calculated. Moving along the remainder of the flame surface, the 
stretch remains approximately constant until the segment of the flame interacting with 
the left hand side flow recirculation is approached. Here, as the curvature becomes 
negative, a positive peak in flame stretch occurs. Variations in stretch can again be 
seen in the region of negative curvature, before becoming approximately constant. 
A similar trend linking stretch and flame displacement speed is presented in figure 
5.30. The figure presents both calculated local stretch and normalised flame 
displacement speed relative to the distance around the surface of the flame. Again 
moving from the lower right hand side of the flame front, peaks in the stretch can be 
tallied with negative values of flame displacement speed. Positive variations in SI SL 
appear with approximately constant values of flame stretch. At the tip of the flame a 
minimum value of normalised displacement speed occurs, as discussed previously, 
which corresponds to a minimum in flame stretch of approximately - 8000 s·f. 
Symmetry in the results for flame curvature, and the presented flame disp lacement 
speed and stretch can be seen, with a repeat in the discussed trends along the left hand 
region of the flame surface. 
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Figure 5.27 Calculated variation with curvilinear distance around the flame front of 
normalised flame displacement speed and rad ius of curvature. Data obtained from the 
typical experimental run presented in figure 5.24 
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Figure 5.29 Calculated variation with curvilinear distance around the flame front of 
total flame stretch, K, and radi us of curvature. Data obtained from the typical 
experimental run presented in figure 5.24 
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5.6 Conclusions 
The investigation of flame/vortex interactions utilising particle image velocimetry 
techniques has provided characterisation of the turbulent flow structures generated, 
and the subsequent interaction with a propagating flame within a laboratory based 
environment Findings based on the visualisation and quantification ofthe interactions 
are detailed below. 
I. The flow visualisation results together with the velocity field data highlight 
that the formation of vortex recirculation structures within the combustion 
chamber are a direct result of fluid impulse caused by the flame propagation. 
The positioning of the solid obstacles presents a small opening through which 
premixed charge is forced. The sharp edges of the orifice forming obstacles 
result in the shedding of recirculations into the obstacle wake region. 
Reducing the orifice size from 15 mm to 5 mm results in a greater number of 
vortices being produced. 
2. The stabilisation of the structures generated is effected by the exit blockage 
present on the combustion chamber. No blockage on the chamber exit causes 
the flow structures to skew, with the flame propagation following the same 
path. An introduction of a 50 % blockage in the chamber exit results in the 
stabilisation of the structures formed. Mixture field velocity data highlights the 
flow is forced through the opening offered the blockage stabilising the central 
flow recirculations. 
3. Characterisation of the vortex structures generated provided values of dt!oL 
ranging from 1.6 to 2.3, and UriSL in the range 2.7 to 3.4. Comparison ofthe 
data with the flame-vortex regime diagram presented by Samaniego and 
Mantel [67] highlighted the interactions studied where in the wrinkling region. 
4. The newly developed twin camera PIV diagnostic technique allowed the 
capture of flame and flow at two instances separated by 300 IJS on the same 
experimental run. This provided data for both flame position and flow velocity 
during flame/vortex interactions. 
5. Analysis of the flame position and flow velocity data allowed calculation of 
local flame speed normal to the flame front and mixture flow speed in the 
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same direction, which together utilising equation 5.6 provided the calculation 
of flame displacement speed, Sd. Positive values of Sd normalised by the 
unstretched laminar flame speed for a typical flame-vortex interaction 
compared to previous findings of Sinibaldi et al. [68] for a range of 0 to 5.5. 
The maximum value calculated in this thesis found St!SL :::::: I 0. Interestingly, 
negative values of Sa!SL were also calcu lated, with a minimum of Sa!SL = -10 
found . 
6. Comparison of St!SL with the radius of curvature of the flame front showed an 
apparent correlation, with variation in flame displacement speed storing with 
negative curvature. 
7. Calculation of the local tangential strain rate, and local flame stretch has been 
achieved. Results for local flame stretch show positive values upto 9000 s·1 
and a minimum of -8000 s·1 for a typical flame/vortex interaction. Links 
between stretch, radius of curvature and displacement speed are apparent. 
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CHAPTER6 
STUDY OF PREMIXED FLAME /OBSTACLE INTERACTIONS 
6.1 Introduction 
Previous studies presented in this thesis have provided insight into fu ndamental areas 
that arise during turbulent premixed combustion, such as basic flame propagation and 
flame interaction with vortex structures. For a more practical appl ication of turbulent 
premixed combustion there is a need to in vestigate simplistic geometries where the 
flame interacts with obstacles placed in its path. Thus, as the concluding study 
presented in this thesis an investigation into fl ame obstacle interactions was 
conducted. This chapter presents the experimenta l details, results and discussion of 
the study of flame propagation over solid obstacles in a simplified geometry. 
Discussion of the experimental configuration starts the chapter, with reference made 
to the mixture preparation and delivery system, the experimental rig employed and the 
manner of mixture ignition. For thi s study the mixture supply was similar to that 
presented in the previous chapters, and so a brief description is provided. The chosen 
experimental rig was that of the larger rig one, with modifications to allow placement 
of obstacles. Concise discussion of the ignition system employed is given due to its 
similarity to that used in the previous studies presented within this thesis. 
The laser diagnostic techniques employed in the study of flame/obstacle interactions 
are discussed in detail with reference to the specific experimental geometry employed. 
A description of the HSLSFV system applied to allow visualisation of the global 
flame propagation is given. More deta iled quantification was achieved using both 
single camera and twin camera PlY. Hence, a comprehensive delineation of each 
diagnostic setup, together with the intrinsic errors involved is presented . In each 
diagnostic case reference is made to previous discussion given in chapters 3, 4, and 5. 
A description ofthe in chamber pressure measurement technique is also provided. 
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The initial main section of the chapter presents results obtained for the direct 
visualisation of flame propagation within the obstacle containing combustion 
chamber. With results of Hargrave et al. [1 8, 77,1 02] presenting the effect of obstacle 
geometry on flame propagation, a rectangular obstacle was placed downstream of the 
ignition point, with the interaction visualised using HSLSFV. Based on the results 
obtained, a secondary study involving more complex situations was created in the 
chamber. Visualisation of flame propagation over multiple obstacles located within 
the chamber at equally spaced intervals is presented. Data for pressure generation 
during the overall flame progression is also given, with reference to the recorded 
visualisation sequences. 
Concentrating on the experimental geometry of the secondary study, quantification of 
the flame/obstacle interaction was conducted. Results taken from single camera PIV 
are presented showing the development of flow structures in the obstacle wake. As 
with the vortex flame interaction study presented in chapter 5, twin camera PJV was 
employed to provide detailed data on the development of the flame front during a 
single experimental run, at each wake location. Analysis of the TCPIV data a llowed 
the calculation of a local flame di splacement around captured flame fronts based on 
theories presented in literature. Discussion of all the results is given with reference to 
previous findings presented in this thesis and published literature. 
6.2 Flame Obstacle Interaction Experimental Configuration 
6.2.1 Mixture Preparation and Delivery 
Results presented during chapters 4 and 5 have shown the successful application of 
methane as a fuel, and atmospheric air as an oxidant in generating a stable combustion 
process. The distinct advantages for using both methane and air were previously 
detailed in section 4.2.1, and these remain for this particular investigation. 
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The mixture preparation and delivery system consisted of controlled separate methane 
and air supplies brought together at a 'T' section interface prior to entering the 
combustion chamber. A schematic of the system layout can be seen in figure 4. J, 
together with a detailed description of each individual component presented in section 
4.2.1. Methane enters the supply from a high pressure cylinder, and is regulated by a 
mass flow controller before passing through a one way valve. The air supply initially 
flows through a pressure regulator, mass flow controller and non return valve. Prior to 
the mixing point, the air supply flowed into a six jet atomiser which, for laser 
diagnostic purposes, added micron sized droplets of olive oil. The manufactured 
premixed charge of methane and air was delivered to the combustion chamber via a 
braided hose, which contained a flame arrestor. Flow into the combustion chamber 
was further regulated using an operator controlled solenoid valve. A second solenoid 
valve was also placed near the chamber exit to allow mixture purging during the 
secondary preparation of the charge. Purging of the methane and air at the 
predetermined flow rates was set for a duration of 150 seconds, after which a sett I ing 
period, where both solenoid valves remained closed, was initiated for 30 seconds prior 
to ignition. 
The stoichiometry of the premixed charge was chosen based on the results of the 
study presented in chapter 4, thus, a stoichiometric mixture with an equivalence ratio 
equal to 1 .0 was employed. In order to achieve the stoichiometric composition, the 
flow rate of methane into the combustion chamber was set at 2 Lmin-1 and the fl ow 
rate of air at 19 Lmin-1• The flame produced by the chosen mixture proved to give the 
fastest and most reliable mixture ignition, and provided good quality images for 
visualisation. 
6.2.2 Combustion Chamber 
For the investigations into forms of premixed combustion presented in this thesis, two 
distinct experimental rigs were employed. Section 3.2 provided a brief insight into 
both combustion chambers involved in the work. For the purpose of the study 
presented in this specific chapter a modified version of the larger rig one was 
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employed. The development of the combustion chamber was specified to allow 
visualisation and measurement of flame/obstacle interactions within a simplistic 
geometry that had the ability to be modelled using a mathematical code. The chosen 
chamber design provided initiation of a premixed charge and subsequent development 
of a laminar flame front. Modifications to the design allowed placement of a 
maximum of three blockages in the flame path for the generation of flame/obstacle 
interfaces. 
Various experimental rig designs have been presented in literature for the study of 
flame/obstacle interactions and its relevance to turbulent premixed combustion. Early 
work concentrated on the use of cylindrical cross section combustion chambers, 
containing orifice plates, as the basis for studies of deflagrations over obstacles. Lee 
et a l. [74] presented large-scale work, incorporating the use circular orifice plates, on 
flames propagating inside a long closed chamber. T ubes of diameter 50 mm, 150 mm 
and 300 mm, which were 11 m, 15 m and 17 m long respectively, were employed. A 
number of orifice plates were inserted into each tube to provide blockage ratios of 
0.28, 0.39, and 0.44. Small scales studies presented by both Starke and Roth [75], 
Phylaktou and Andrews [9], and Fairweather et al. [ 19] also utilized a cyl indrical 
chamber and orifice plates as obstacles. In a similar manner to the large scale study of 
Lee et. al., both Starke and Roth [75] and Phylaktou and Andrews [9) employed a 
chamber closed at both ends, whilst Fair-weather et al. [1 9] used a rig closed at the 
ignition end and open at the opposite end. 
Further investigations into flame/obstacle interactions incorporated the use of baffle 
type obstacles fixed to the lower face of a horizontal rectangular cross section 
combustion chamber. Studies by Chan et al. [73] utilized a rectangular chamber 127 
mm by 203 mm by 1.25 m closed at the ignition end and open at the opposite end, 
with solid baffles providing blockage ratios of 0. 15 to 0.37. A larger scale chamber, 
which incorporated a single baffle located on the lower face of a rectangular chamber 
was employed by Lindstedt and Sakthitharan [71 ]. The obstacle contained within the 
chamber provided a blockage ratio of 0.5. A similar chamber design was employed by 
McCann [6] for the study of freely propagating turbulent flames. 
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More recently studies completed into flame obstacle interactions have employed the 
use of vertical rectangular combustion chambers. However, the main difference to 
previous work was the employment of sold obstacles centra lly mounted within the 
chamber. Hargrave and co workers [18,77, I 02] presented visualisat ion of flame/solid 
obstacle interactions using a 150 mm by 75 mm by 1 m rectangular cross section 
chamber closed at the ignition end and open at the opposite end. Single solid obstacles 
were located along the vertical chamber centre line 150 mm downstream of the 
ignition. The experimental rig configuration allowed the variation of obstacle size, 
with blockage ratios ranging from 25 % to 50% to be investigated, and also obstacle 
shape. 
Results of the literature survey on combustion chamber design highlight key specific 
geometries used and suggestions for areas of study showing lack of quality data. With 
this in view, it was apparent that a vertical square cross section combustion chamber, 
which housed multiple centrally mounted so lid obstacles, was required. Thus, for the 
purpose of the study presented a modified version ofthe combustion chamber initial ly 
employed for the investigation of freely propagating premixed flames was utilized. As 
detailed in section 4.2.2 the chosen design incorporated a square cross section to 
allow full use of any optical diagnostic technique, and a chamber length such that 
multiple blockages could be positioned with sufficient spacing for turbu lent flame 
development. The chosen modifications to the design resulted in the ability to fi x 
three so lid obstacles of desired blockage ratio downstream of the ignition point at 
equally spacing. 
Figures 6.1, 6.2, and 6.3 present detailed schematics and layout drawings of the new 
combustion chamber design, complete with the position of auxiliary equipment. The 
main structure of the experimental rig comprised of a square cross section 150 mm by 
150 mm chamber that was 500 mm in height and situated on a lower sealing base 
plate sized 450 mm by 450 mm . The chamber was constructed from clear 
polycarbonate to allow optical access and the base plate was manufactured from 
I 0 mm thick aluminium for rigidity. The front and rear walls of the combustion 
chamber provided location for the obstacles, and the base plate allowed location of the 
mixture delivery inlet and mixture ignition source. Angle bar was added to the design 
to aid construction of the chamber, which resulted in a total viewing area through the 
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front wall of 81 %. The upper end of the chamber was left clear to allow safe venting 
of the flame, however, during the mixture preparation process a thin plastic membrane 
was located over the exit to contain the premixed charge. 
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Figure 6.1 Schematic of a modified experimental rig 1 containing a single rectangular 
obstacle. The obstacle generates a 50 % blockage 
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Figure 6.2 Two schematics each showing a modi fied experimental rig I. The upper 
image contains two rectangular obstac le, and the lower three blockages 
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fjgure 6.3 DetlliJed layout drawing of a modified experimental rig one, containing 
three obstacles, each 75 mm wide and spaced at 100 mm centres. The drawing also 
highlights the position of key auxi liary equipment 
As shown in figure 6.3 the standard spark ignition plug, discussed in detail in section 
4.2.3, was located at the centre of the base plate, 75 mm from the inside face of each 
contairung wall. The centre of the Y2" BSP inlet hose of the mixture del ivery system 
was also located 75 mm from the inside face of the front wall, however was offset to 
the right of the spark plug unit by 58 mm. A second Y2" BSP hose fitting was located 
along the centre line of the left hand chan1ber wall, 30 mm below the upper edge. The 
outlet fitting allowed the purging of fresh methane and air during the stipulated 150 s 
period. Additional fittings to the wal ls of the combustion chamber, included two 
piezoresistive pressure transducers. Each transducer was located on the left hand face 
of the rig, the lower measuring device fixed 30 mm above the base plate, and the 
upper transducer 30 mm below the upper edge. A discussion of the pressure 
measurement system wilt be given in a proceeding section. 
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The chosen obstacles employed for study during this investigation comprised of three 
rectangular solid blocks measuring 75 mm by 150 mm by 10 mm. The choice of 
obstacle geometry was based on fmdings presented by Hargrave et al. [18,77, 1 02]. 
The results of Hargrave et al. showed differences in flame structure achieved with the 
placement of a single blockage of either cylindrical or rectangular geometry. Based on 
the findings given in literature, results presented during the course of this chapter 
were based on the positioning of either one, two or three identical rectangular 
obstacles within the chamber. For this purpose the blockages were made easily 
interchangeable, utilizing a single M5 bolt for location onto each containing face. 
Based on discussions with Dr S.S. Ibrahim and Dr S.N.D.H Pate!, who were 
attempting to model the exact geometry of the experimental results presented in this 
thesis, the placement of the first obstacle was decided at a height of 100 mm above 
the base plate surface. A discussion of results achieved by Dr Pate! and eo workers is 
given in Appendix B. The second and third obstacles were also then located at 
distance of I 00 mm between centres. 
6.2.3 Ignition System 
The common features incorporated into both of the experimental rig designs presented 
so far in this thesis allowed the use of a commercially available spark ignition system 
discussed in studies presented in chapters 4 and 5. The results obtained in each 
chapter highlighted the systems ability to ignite the mixture with good repeatability. 
Thus, it was chosen to continue usage during the final study presented in this thesis. 
Section 4.2.3 provided a detailed description of the ignition system utilised, with a 
schematic of all components given in figure 4.7. In a concise manner the ignition 
arrangement comprised of a 12 V power supply unit, a Lumenition power command 
module, electronic ignition coil and standard automotive spark plug. To initiate a 
spark across the electrode single 5 V ITL level trigger was generated and then 
converted to a signal recognised by the power command module. This then controlled 
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the switching of voltage inside the electronic ignition coil and, the resulting spark 
discharge via a standard HT lead. 
6.3 Laser Diagnostics 
Visualisation of flame propagation from ignition source to exit region, in a 
combustion chamber that contained a maximum of three solid obstacles, was the 
initial area of study presented in this chapter. The high speed laser sheet flow 
visualisation technique, described in general during section 3.4 and with regards to a 
similar experimental setup in detail during section 4.3.1 , was employed. 
The secondary topic of interest was the quantification of both the velocity field within 
the unburnt mixture flow, and the subsequent flame interactions with flow structures 
in the wake regions of each obstacle. Single camera PIV was employed to provide 
measurement of velocity field profiles for the premixed charge. A description of a 
common single camera PIV technique was presented in chapter 3, section 3.5. For a 
more specific case, details of the single camera setup were also given in sub-section 
5.3.1. Twin camera PIV, as discussed in section 5.3.2 was utilised to provide 
quantification of the interface between flame and flow in regions downstream of each 
obstacle. 
Thus, the following subsections of this chapter introduce specific details on each 
optical diagnostic technique employed to provide the results presented in the 
remainder of the text. 
6.3.1 High Speed Laser Sheet Flow Visualisation 
The basic setup of a HSLSFV system was presented in detail during chapter 3, 
however the setup presented in this section varies to that given previously with 
regards to specific laser sheet geometry and thus the area of interest visualised. 
Variation in obstacle position within the combustion chamber together with the 
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number of blockages present, resulted in a total of two different sheet heights and four 
separate laser sheet positions for the acquisition of the required data. 
To gain a global overview of flame progression over the majority of the combustion 
chamber volume, a large laser sheet approximately 300 mm in height was formed. 
Figure 6.4 presents a schematic highlighting the laser sheet size and orientation with 
respect to the experimental rig. The laser sheet was generated by passing the output 
from the copper vapour laser through a set of light sheer optics. The optics consisted 
of a 1.5 m spherical tens and a +25 mm cylindrical lens positioned a distance of 
approximately 1400 mm from the left hand combustion chamber side. 
For more specific visualisation studies, concentrating on the wake region of the each 
obstacle position, a smaller laser sheet of approximately I 00 mm in height was 
formed. Optics similar to those employed in the generation of the large laser sheet 
was utilised, however the distance from the chamber to the optics was reduced to 
produce the smaller sheet height. Variation in laser sheet vertical position to allow 
viewing of each obstacle was achieved by redirection of the laser beam from the 
copper vapour output point in conjunction with optics mounted on a z axis traverse. 
Examples of the typical laser sheet geometry and introduction within the combustion 
chamber for each obstacle position are given in figures 6.5, and 6.6. 
The camera employed for all of the high speed visualisation studies presented in this 
chapter was the Kodak Ektapro HS motion analyser model 4540. A detailed 
discussion of the imaging system specification was given in section 3.4.6. Operation 
of the camera was in conjunction with a 55 mm Micro Nikkor lens typically set with 
an f-number aperture of 8. The camera was positioned perpendicular to the front face 
of the combustion chamber, with the distance varied for each laser sheet size and 
chosen area of interest. For the purpose of the global flame motion capture the HS 
imager was positioned approximately 1200 mm from the chamber. The resulting 
image area captured is shown in figure 6.7, with capture taking place at a +90 • angle 
to ensure full use of the imagers CCD. The highlighted region equates to 
approximately 155 mm by 252 mm. Also highlighted in the figure image is the 
relative position of the combustion chamber. The secondary smaller visualisation 
regions that provided a more detailed receding of the flow/flame interactions in the 
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wake of each obstacle employed the HS system analyser positioned approximately 
800 mm from the front face of the chamber. Figure 6.8 presents an example of the 
captured image area, taken from the Kodak imaging system, which equates to 
approximately 58 mm by 95 mm. The position of the obstacle and the relative size of 
the combustion chamber has been added for clarification purposes. 
Figure 6.4 Detailed schematic showing the orientation of the copper vapor laser sheet 
formed within the combustion chamber for visualisation of the overall flame 
propagation process. The image shows three obstacles presented within the chamber, 
however the laser sheet was also employed during studies involving both one and two 
obstacles present 
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Figure 6.5 chcmatic showing small laser sheet relati e size and location in the ~,: ake 
of first obstacle 
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Figure 6.6 chematics showing small laser sheet location in wake of second and third 
obstacles 
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Figure 6. 7 Image of the screen display of the Kodak 4540 motion analyser during 
recording of global flame propagation in a modified experimental rig one containing 
upto three obstacles 
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Figure 6.8 linage of the typical screen display for the Kodak 4540 motion analyser 
during recording of flow/flame development recording in the wake of each obstacle in 
the modified combustion chamber 
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Errors encountered during the visualisation utilising the HSLSFV system can be 
attributed to the accurate definition of the flame front. Discussion of the distance at 
which point within the flame front the olive oil seeding would be consumed was 
presented in section 3.3. This can be compared to the actual distance each pixel in the 
256 by 128 array represents. Capture of the global motion during flame propagation 
uti lising the larger 155 mm by 252 mm recording area provides a measurement of 
I .21 mm per pixel. 
Assuming the flame front was of thickness, [)L, equal to I mm, then the imaged flame 
front thickness typically occupied a region of less than a single pixel. The sub pixel 
nature of this definition adds to the error associated in accurately positioning the 
flame front as it propagates throughout the unburnt mixture. Further errors can be 
seen when the images extracted from the animations were used as the basis for 
derivation of flame characteristics, such as distance travelled and translational flame 
speed. 
6.3.2 Digital Particle Image Velocimetry 
The partic le image velocimetry technique was employed to provide quantification of 
the velocity fields involved in the obstacle wake regions of the combustion chamber. 
Commercially available software was employed to analyse image pairs to provide 
detailed data on the velocity field associated with the unburnt mixture flow. 
Briefly, as described in section 3.5, a light source was required to illuminate seeding 
partic les located within the unburnt mixture. The light scattered by the particles was 
recorded at two instances in time by a computer controlled high resolution CCD 
camera. Using commercial available software, image pairs were cross correlated to 
determine the velocity field. For the data presented in this study a New wave 
Nd:Y AG laser model Solo Ill was employed as the light source for the illumination at 
two separate instances of the micron sized olive o il droplets introduced into the 
mixture. A TSl PIVcam operating on a tw in frame straddle mode was utilised to 
capture, on individual frames, the light scattered at each laser pulse. The recorded 
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images were transferred to the controlling computer's hard drive for storage and 
analysis. A simplistic schematic of the connection between laser, camera and 
controlling PC was given in figure 5.4. The figure also highlights the use of a timing 
box sequencer, to provide accurate control of laser triggering and camera initiation. 
Figure 3.14 provides an example of a typical timing diagram illustrating the sequence 
of camera and laser activation for PlY studies. For the study presented in the 
remainder of th is chapter a similar timing setup was employed. However, as discussed 
in section 5.3. 1, an external trigger signal synchronised to the mixture ignition system 
fire was utilised. By delaying the external trigger form the ignition trigger temporal 
development of the flow and flame was achieved. The time between laser pulses was 
matched to the velocity of the flow structures generated during the experimental runs, 
and thus was set at 10.8 J..lS . 
The actual imaging area of the system was governed by the laser sheet optics and the 
camera lens employed. Thus, to allow imaging and analysis of different regions 
around each obstacle present in the chamber, the laser, sheet forming optics and 
camera were mounted on a vertical traverse to allow movement throughout the height 
of the chamber. For the single camera PlY data presented in the flowing sections of 
this chapter the laser sheet employed was formed using a 1000 mm focal length 
spherical lens and a - 25 mm foca l length cylindrical lens. The lenses were positioned 
approximately 1000 mm from the centre axis of the combustion chamber, and angled 
such that the laser sheet height produced was in the region of 50 mm. Sheet th ickness 
inside the area of study was typically I mm. The introduction of the laser sheet into 
the combustion chamber was similar to that of the copper vapour sheet formation 
shown in figures 6.5 and 6.6. The figures show the relative size of the sheet at a 
location in the region behind the each obstacle with, as discussed previously, the 
experimental setup allowing the sheet to traverse to any vertical position within the 
chamber. Brightness of the laser sheet, and so control over the light scattered by the 
olive oil seeding, was influenced by the laser output power on each pulse. As 
discussed in section 5.3.1 the laser power was set using the laser Q switch delay time, 
and for the investigations presented these were set at 130 J..lS for the first pulse and 
190 J..lS for the second pulse. 
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The high resolution CCD camera employed in the single camera PIV study was 
positioned perpendicular to the chamber front, at a distance of approximately 
400 mm. For the results presented the lens employed in conjunction with the camera 
was a 50 mm AF Micro Nikkor, operated with an aperture setting of f/8 . The resulting 
imaged area within the unburnt mixture was approximately 30 mm by 30 mm 
operating with a magnification factor of 0.30. Imaged pixel size was calculated using 
equation 5.3, and found to governed by the diffraction limited spot size. This was 
determined using equation 3.!3, and found to equal 13.52 J..lm. The pixel size of the 
CCD chip within the camera was equal to 9.0 Jlm, thus the typical size of imaged 
particles covers a minimum of two pixels. 
The image pairs obtained were analysed using the TSI PIV software introduced in 
chapter 5, section 5.3.3. The images obtained were first calibrated to ensure realistic 
definition of the associated velocity fields, by comparing the actual image size in 
mi llimetres to that of the recorded image size in pixels. For the studies presented, the 
x and y direction calibration scales equated to approximately 30 1-1-m per pixel. 
6.3.3 Multiple Camera Digital Particle Image Velocimetry 
The twin camera PIV technique applied during this study allowed the quantification 
of flame behaviour during the interaction with flow structures generated in the wake 
of each obstacle. The setup was fundamentally the same as that introduced and 
developed in chapter 5, with capture of two image pairs at a given time separation 
achieved. A similar analysis method to that of the twin camera technique presented in 
chapter 5, on each image pair, was also then utilised. This allowed the determination 
of flow velocity profiles, and flame front locations at two instances in time for a 
single flame propagation. In each case the velocity field of the unburnt mixture was 
derived using a cross correlation technique available in the Insight software package. 
The flame position of both captures was obtained from the first frame of each image 
pair. 
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As discussed previously the twin camera PIV setup consisted of intrinsically two 
separate single camera PIV systems matched to provide measurement of exactly the 
same region within the unburnt mixture. A detailed description of the basic setup was 
given in section 5.3.2. The required laser sheets were provided by two New wave 
Solo III model Nd:YAG lasers. Each laser operated in conjunction with a single TSI 
PlVcam high resolution CCD camera. The laser and camera combination designated 
set A was triggered to allow capture of two frames at a time t. The second 
laser/camera combination was triggered at a time t + L1t, and was entitled set B. 
Problems that arose when the separation between PlY sets, L1t, was reduced to match 
flame progression speed were described in section 5.3.2 in terms of frame exposure 
time. Rectification, to allow small values of L1t, involved the use of rotating the 
polarisation of the laser light utilised by set B and adding a polarisation filter, adjusted 
to counter the light of set B, to the lens ofthe camera of set A. 
Exact timing of the measurement system was similar to that represented in the 
diagram of figure 5.6. As with all the previously presented diagnostics involving the 
use of PIV, the synchroniser camera trigger pulse for the data acquisition was taken 
relative to the mixture ignition trigger. Control of the duration between ignition and 
capture activation allowed, with increased delay, mapping of flame/flow interactions 
on subsequent experimental runs. The time separation between the two PIV sets, 
applied to quantify the development of flow and flame, was controlled to match the 
progress of the translational flame speed. For the twin camera PIV data presented in 
this chapter a separation between sets of200 J..lS was employed. Individually, both PIV 
sets employed a time between laser pulses, dt, equal to 25 !lS, regardless of image 
area, when studies concentrated on the wake region of the first obstacle located in the 
combustion chamber. The time between pulses was matched to the typical flow 
velocities within the region ensuring no loss of particle pairs within the interrogation 
regions. Studies concentrating on the wake regions located behind the second and 
third obstacles, saw the presence of higher flow velocities, and thus the pulse 
separation employed was decreased to I 0 1-LS. 
Two configurations, based on imaged area, were utilised for the studies. The initial 
experimental runs provided both flow field and flame speeds contained within a 
30 mm by 30 mm area of interest. A secondary study incorporating a larger analysis 
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area was employed to provide the remainder of the twin camera PIV presented in this 
chapter. An area of approximately 70 mm by 70 mm was utilised. For each case the 
output from both lasers was formed into a thin laser sheet using a 1 000 mm focal 
length spherical lens and a -25 mm focal length cylindrical lens attached to the output 
point of each lasers head unit. An add ition to the optics employed for the set B laser 
sheet production, was a half wave plate added directly after the spherical and 
cylindrica l lenses. The half wave plate was fi xed in place and allowed rotation of the 
laser light po larisation by approximately 90 •. The subsequent introduction and 
orientation of each sheet into the combustion chamber was similar to that presented in 
figu re 6.9 for the single camera PIV. Both laser sheets were a ligned in the vertical and 
horizontal plane to ensure imaging of the exact same region within the combustion 
chamber by the individual cameras. Lasers, optics and cameras were located on a 
z-axis traversing base that a llowed movement throughout the height of the chamber. 
Specific details of the laser/camera combinations were such that the laser powers, 
governed by the Q switch delay time, were set at 125 f..lS for set A and I 05 f..lS for set 8 
during testing involving the sma ller region of interest. Laser powers for the 
experimental runs utilising the larger area of interest, were set using Q switch delay 
times equal to 200 f..lS for set A, and I 20 f..lS for set 8 . 
The conglomeration of the two PlY systems employed TSl PIVcam 10-30 model 
digital imagers. These prov ided a CCD resolution of 1000 by 10 16 pixels, and uti lised 
a 105 mm Micro N ikkor lens. Both cameras were mounted in front ofthe chamber at 
right angles to one another. The camera from set A was located perpendicular to the 
front face of the chamber, and the camera of set B was fixed perpendicular to the face. 
At an equidistance from the input area of each camera lens a single beam splitter was 
placed which a llowed both cameras to view exactly the same region within the 
combustion chamber. Positioning of the recording equipment for the in itia l area 
investigation located the input face of the beam splitter at a distance approximately 
300 mm from the outer face of the front chamber wall. This provided a magnification 
factor equal to 0.27 for the recorded digi ta l images. For the larger 70 by 70 mm 
configuration the beam splitter/camera arra ngement was posit ioned approximately 
400 mm from the front face of the combustion chamber, and generated a 
magnification factor of 0.12. 
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The size of the imaged seeding particles present in the unburnt mixture when captured 
on the camera CCD were calculated using equation 5.3 for each of the twin camera 
PIV configurations presented. For the studies it was typical that the imaged particle 
size was of the same order as that of the diffraction limited spot size, defined by 
equation 3.13. Thus, when utilising the twin camera setup operating with an aperture 
of f/16, imaging the 30 mm by 30 mm region within the chamber, the diffraction 
limited spot size was calculated to be 26.43 j..tm for the camera of Set A. The aperture 
of set B was set at fill , and resulted in a diffraction limited spot size of 18.17 j..tm. 
Imaging a 70 mm by 70 mm area of interest, produced a diffraction limited spot size 
of 23.47 j..tm for set A, with an aperture of f/ 16, and 11.73 ~-tm for set B, with an 
aperture of f/8 . In each case the collected spot size is greater than the CCD pixel size 
of9.0 j..tm. Hence, the imaged particles occupy more than one pixel on the CCD chip. 
During each experimental run both sets of image pairs obtained were analysed using 
the TSI PlY software introduced in chapter 5, section 5.3.3. To ensure realistic 
definition of the associated velocity fields, a comparison of the actual image 
dimension to camera CCD size was made. This calibration was completed using a 
fixed scale inserted into the combustion chamber, with the recorded images then 
analysed to produce a measure of the real size individual pixels represented. For the 
30 mm by 30 mm area of interest a scale of 30.2 ~-tm per pixel was applied for the 
calibration of particle displacement, and flow velocity. A calibration factor of 69.8 j..tm 
was applied to the analysis. 
6.3.4 Errors associated with PIV Diagnostics 
The errors associated with the use of particle image velocimetry were discussed in 
general during section 3.5.9. The overall error was found to be composed of 
systematic and residual errors based on the relationship given in equation 3.12. 
Further discussions of errors involved with the use of PIV were detailed during 
chapter 5. Equation 5.1 presented a more practical representation of the total error 
linking it to bias and random errors involved with the technique. 
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Using theory defined by Lawson ( 111] to provide a measme of random error, results 
for a typical measured velocity field presented in following sections of this chapter 
were calculated. Equation 5.2 provided the basis for the results that highlighted errors 
of less than 3 %. Errors associated with the size of imaged pixels on the camera CCD 
were defined jn section 5.3.4. Discussion of the diffraction limited spot size for both 
single camera and twin camera configurations have been presented in the relevant 
preceding sections. In each case the results have shown imaged particle size to be 
comparable to the theory proposed by Adrian [ 1 09). 
6.4 Pressure Measurement 
For the measurement of chamber pressure at two locations within the combustion 
chamber piezoresistive pressure transducers were employed. The utilisation of aspects 
of the original combustion chamber design introduced in chapter 4 allowed the 
continued usage of two Kistler piezoresistive transducers, each model series 4073 
AI 0. The transducers employed a silicon measuring cell, incorporating pressure 
sensitive resistors to form an fully active wheatstone bridge. A detailed description of 
the working principles of the transducers and the devised pressure measurement 
system was given in section 4.4. 
Briefly the setup consisted of two transducers, each connected to a separate transducer 
amplifier, located at the lower ignition end and the upper exit end of the combustion 
chamber. The pressure relative output voltages produced by each amplifier were 
transmitted to separate input points of the l/0 box employed for the study. A 
computer program constructed in Labview allowed the controlled acquisition of the 
transducers transmitted voltage. The program utilised an output signal generated by 
the Kodak 4540 motion analyser system and introduced to the digital input of the I/0 
box, for synchronised recording of pressure measurement and high speed visualisation 
frame grab. For each transducer/amplifier arrangement the 0 V to 5 V output signal 
was converted on a linear basis to a pressure value of 0 to 10 bar. Results were plotted 
for instantaneous evaluation and stored to a predetermine data file for future analysis. 
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6.5 Flame/Obstacle Interaction Visualisation 
The following section provides examples of visualisation results obtained for the 
investigation of flame propagation within a combustion chamber containing variations 
in physical blockage. As detailed previously in the chapter, the use of high speed laser 
sheet flow visualisation was employed to record the structure of the flame. Similar to 
the results detai led in chapter four, the ability of high speed visualisation diagnostics 
in producing time coded images of the flame deve lopment, a lso allowed the 
derivation of flame propagation properties. This section, thus provides examples of 
flame position, flame speed and flame acceleration extracted from the recorded 
propagation sequences. 
6.5.1 Flame Interaction with a Single Blockage 
The primary test configuration in the investigation of propagating flames interacting 
with solid obstacles involved the utilisation of a single rectanguJar obstacle, whose 
centre was located I 00 mm above the point of ignition. As stated previously a 
stoichiometric composition of methane and air was employed, with the capture of the 
flame development utilising the trigger signal for the mixture ign ition. 
To gain an understanding of the behaviour of the flame in the new experimental 
configuration, and for purposes of comparison with previous workers, the initial 
visualisation study provided a g lobal overview of flame progress ion. Figure 6.9 
presents a sequence of ten frames extracted from a high speed laser sheet fl ow 
visualisation recording of a typical flame propagation within the single obstacle 
containing chamber. The repeatable nature of the flame deve lopment, as seen during 
studies presented in chapter 4, achieved with the experimental configuration allows 
the utilisation of a single experimental run as the basis of discussion. Representative 
times have been added to the base of each frame to indicate the position of the flame 
relative to the start of mixture ignition. 
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Prior to the first image of the sequence the flame front can be assumed to encompass a 
similar surface geometry to those seen in the unrestricted propagation cases presented 
in chapter 4. In the early stages of flame progression the flame develops from the 
ignition point in a similar manner to the laminar flame seen earlier, with the presence 
of the obstacle having no apparent effect on the flame shape. However, as the flame 
consumes mixture closer to the obstacle it is clear that the structure of the flame front 
begins to differ from that seen in the previous study. The blockage imposed by the 
presence ofthe obstacle in the path of the flame, causes the central region of the flame 
front to become flat. This phenomena can be seen clearly in the frame titled t = 22 ms. 
Two milli-seconds later the position of the obstacle in the path of the flame continues 
to effect the structure of the flame front. The second image of the sequence shows the 
central region of the flame beginning to concave, whilst the outside edges ofthe front 
extend towards the outside edges of the obstacle. Close examination of this frame also 
shows the location of small turbulent rotations, similar to those seen in the study of 
chapter S, present above the upper outside edges of the obstacle. Further downstream 
development of the outside edges of the flame front occurs in the next image of the 
sequence. The two flame tips propagate downstream past the top face of the obstacle, 
remaining virtually symmetrical about the central axis of the combustion chamber. 
The central region of the flame front continues to develop in a concaved nature, 
however, movement is much slower towards the lower face of the obstacle. The 
presence of vortex recirculations can again on close inspection be seen downstream of 
the upper corners of the blockage. 
At t = 28 ms the flame front tips have continued to propagate further downstream, 
travelling an increase distance in comparison to the earlier time separations. The 
flame tips have also become involved with the recirculations developed from upper 
obstacle edges, beginning to wrap inwards towards the chamber centreline. The 
central region of the flame front, located below the lower obstacle face, still entraps a 
small volume of unburnt mixture. With continued transition of time, the most 
downstream regions of the flame interact further with the recirculations, with the 
flame tip curling round until reconnection with the main body of the flame occurs at 
t = 34 ms. At this point a small trapped region of unburnt charge is created on either 
side of the chamber, with symmetry in the flame remaining. At t == 36 ms the trapped 
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fresh mixture is consumed, and as with the progression over the previous time period 
the flame moves further downstream. 
Interestingly, over the period of capture as the flame is forced to burn through the 
openings each side of the obstacle, it fails to promptly reconnect. From t = 32 ms 
onwards, the most downstream section of the flame is essentially two fronts, which 
continue to propagate in a laminar fashion. A small thin region of unburnt mixture is 
left between the edges of each front, running approximately along the chamber 
centreline. Over the period t = 36 ms to t = 40 ms the gap remains, and the fresh 
charge located above the upper face of the obstacle is consumed slowly. 
Essentially, a similar trend to that seen in the previous study of flame/vortex 
interactions given in chapter 5, is present in the practical flame study presented in this 
chapter. The unrestricted propagating flame appears to push the unburnt mixture 
ahead of it. In this case the openings for the mixture to freely pass through are located 
each side of the rectangular blockage. This movement of charge was thought to be the 
influencing factor for the generation of the small recirculations seen downstream of 
the obstacle, and therefore the resulting flame structure. These observations agree 
with those of both Ibrah im et al. [ 18] and Hargrave et al. [77] 
For a more detailed view of the region of interest in the obstacle wake, the second 
derivative of HSLSFV was introduced, to allow recording of a much smaller area, 
similar to that shown in figure 6.8. A representative sequence of a typical flame 
propagation recorded utilising the smaller area of interest is presented in figure 6.1 0. 
The ten frames shown, provide a detailed overview of the flow and flame structure 
development in the right hand side wake region of the rectangular obstacle. Starting 
16 ms after ignition the first image shows the presence of a recirculating structure 
starting to develop from the outside top corner of the obstacle. Over the next four 
frames the flow field structures can be seen to develop further in the wake region. 
Slightly dissimilar to the images presented in the early frames of figure 6.9, there 
appears to be a greater number of small flow structures moving around a central 
recirculation. At t = 26 ms the flame front begins to appear in the region between 
obstacle and containing chamber wall. Flow structures are present in the wake region, 
but from the recording no interaction between flame and flow appears present. The 
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next stage of the extracted sequence shows the flame front propagating downstream, 
no interaction between flame and flow appears to have taken place. The front begins 
to curl towards the chamber centreline and also becomes rippled. 
As time develops further, t = 30 ms to t = 34 ms, the most downstream area of the 
flame front remains uniform, propagating in a laminar fashion as seen in the previous 
HSLSFV figure. However, the flame front structure generated in the wake region 
becomes more ragged, as the flame continues to wrap over fo llowing the rotation of 
the flow. At t = 32 ms the flame has essentially reconnected, trapping a small region 
of unburnt mixture. This though is quickly consumed, as seen in the final frame ofthe 
sequence. 
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t == 22 rns l = 24 ms t = 26 ms t = 28 rns t = 30 ms 
t = 32 ms t = 34 ms t = 36 ms t = 38 rns t = 40 ms 
Figure 6.9 A representative sequence taken from the h1gh speed laser sheet now isualisation technique util ised to record the global fl ame 
propagation through a stoichiometric premixed charge within the combustion chamber containing a ingle rectangular obstacle 
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t = 16 ms t = 18 ms t = 20 ms t = 22 ms 1 = 24 ms 
t = 26 ms 1 = 28 ms t = 30 ms t = 32 ms t = 34 ms 
Figure 6.10 A representative sequence taken from the high speed laser sheet flow visualisation technique utilised to record the structure of a 
stoichiometric premixed flame propagating in the \.! ake region of a single rectangular obstacle within the combustion chamber 
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Capturing 6144 frames, separated by 0.111 ms during the propagation of the flame 
front through the chamber allows the extraction of certain properties from the 
visualisation data. Based on edge detection routines depicting the maximum 
downstream point of the flame front at set intervals throughout the recorded flame 
front history, data was derived for the flame front development relative to time after 
the ignition trigger. Figure 6.11 presents an example of flame position data extracted 
from a single typical experimental run. Utilising the recording windows shown by 
frames given in figure 6.9 data was taken from approximately 20 ms after the ignition 
trigger, where the fl ame first entered the area of interest, upto approximately 37 ms, 
where the most downstream tip of the flame front left the visualised region. 
F igure 6.11, highlights that in the early stages of flame propagation the front is slow 
to progress towards the obstacle. The shallow gradient of the plotted curve from 
20 ms to 24 m s depicts this. After this period it is c lear that the gradient of the curve 
steepens and the flame covers an increased distance in a shorter time. This region of 
the curve can be linked to the flame front propagating through the area between 
obstacle and chamber, with a jetting nature. 
At approximately 28 ms the progress of the fl ame front downstream appears to slow. 
In consideration of the recorded sequences this time period coincides with the initial 
interaction of the flame front with the rotating flow structures formed in the wake 
region of the obstacle. It is believed that the downstream progression of the flame 
slows at it is entra ined into the region behind the obstacle, by the turbulent structures. 
Approximately 4 ms later the motion of the flame downstream begins to increase, and 
for the remainder of the analysis window reaches a constant. 
The data obta ined on maximum downstream flame position at regular known time 
intervals allowed the further extraction of a simplified flame speed. This property 
represents the speed of the flame as it trans lates down the combustion chamber. 
Figure 6.12 presents the derived translational flame speed for the single experimental 
run utilised for flame position data. The plot, thus, provides flames speed relative to 
the downstream position of the flame front. Data is taken from approximately 0 .06 m 
downstream of the ign ition point, where the flame speed was extracted to be 0 ms-1• 
This is obviously not a true measurement of the speed, and is subject to the manner of 
calculation. At the initial analysis frame, no previous frame was present for the 
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calculation of flame speed. However, the plot shows more realistic flame speeds from 
0.08 m onwards. It is clear to see a sharp increase in the speed of the flame as it 
moves downstream of the point of ignition, passing the location of the single 
rectangular obstacle at 0.1 m. The plot shows that the flame speed reaches an initial 
maximum of 18 ms·l, at approximately 0.12 m downstream ofthe ignition point. After 
this period the speed of the flame begin to decrease and reaches a low of 10 ms - I at 
approximately 0 .14 m. This region of deceleration in the flame front movement can be 
linked to the period in which the flame interacts with the flow structures located in the 
wake of the obstacle. The flame front is involved in burning across the chamber, 
rotating with the flow, rather than consuming mixture further downstream. 
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After the flame speed minima, an increase is observed as the flame returns to 
propagating further downstream. The plot of figure 6.12 shows an increase in flame 
speed over the period 0.14 m to 0.26 m. At which point it reaches an approximate 
constant translational flame speed of29 ms- 1• This derived flame speed was thought to 
be constant for the remainder of the flames development within the combustion 
chamber, though due to the size of the analysis window for high speed visual isation, 
this cannot be presented. 
A final property extracted from the time coded high speed recordings was achieved by 
taking the derivative of the flame speed to obtain the flame acceleration. The resultant 
calculated data is presented in figure 6.13, with respect to the downstream flame 
position. The first point of the plot highlights a flame acceleration of approximately 
15 x 103 ms-2 at 0.09 m downstream. The plot clearly shows a maximum in flame 
acceleration is derived at 0.10 m. This is linked to the physical period where the flame 
jets passed the sides of the obstacle. After the maximum a minima is reached at 
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approximately 0.125 m of -22 x l 03 ms-2 . The resultant deceleration is related to the 
downstream movement of the flame slowing as it burns into the wake region fl ow 
structures. As the flame consumes the unburnt mixture flow structures and moves to 
reconnection, the downstream propagation returns, and this can be seen with the 
subsequent increase in acceleration over the distance 0.125 m to 0.15 m. The 
acceleration, then begins to fall again reaching an approximate zero as the flame 
propagates throughout the remainder of the combustion chamber with an apparent 
constant translational flame speed. 
6.5.2 Flame Interaction with Multiple Obstacles 
The secondary area of the simplistic practical approach to the turbulent flame 
propagation study was to introduce an increased number of solid obstacles to the 
combustion chamber. For thi s purpose, the effect of placing a second and third 
blockage into the path of the propagating flame was investigated us ing the high speed 
laser sheet flow visualisation technique. 
A second 75 mm rectangular obstacle was added to the combustion chamber, with the 
centre of the blockage located 100 mm downstream of the first obstacle. Figure 6.14 
presents a representative sequence of 12 frames to highlight the main features of 
flame front development within the newly configured combustion chamber. The first 
frame of the sequence taken at an approximate time after ignition of 22 ms shows the 
flame front propagating towards the lower side of the first obstacle in a s imilar 
manner to that discussed previously. At t = 24 ms the flame exhibits the same 
concaved nature, and then over the next 2ms interval begins to develop through the 
available space between obstacle and chamber wall. A continued flame development 
occurs in this experimental configuration with features identical to the single obstacle 
case up to 30 ms after the ignition signal. After this period the structure of the flame 
begins to differ as it interacts the second blockage. The development of flow 
structures is apparent from the corner of the obstacle on close inspection. At 
t = 32 ms the flame front has already jetted passed the more downstream obstacle, and 
2 ms later begins to curl into the wake region interacting with the flow recirculation. 
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The position of the recirculations and flame front structure curve appears more 
downstream of the obstacle face than in the previous single obstacle case. The 
difference in flame structure is further highlighted in the later frames, when at 
t = 36 ms the most downstream region of the flame has passed out of the analysis 
window. This indicates the propagation speed of the flame has increased over the 
single blockage case. The structure of the flame in the wake region of the first 
obstacle shows different properties to those seen previously. The curling of the flame 
occurs, and flame shape appears smooth. However, the time taken to consume the 
unburnt mixture and move towards the centreline of the combustion chamber was 
increased 
At t = 36 ms the flame front in the wake region of the second obstacle appears more 
turbulent in nature. The flame is occupies a larger region with the surface of the flame 
becoming very ragged in nature. The definite uniformness of the flame front in the 
wake of a single rectangular obstacle is not seen in the wake of the second obstacle. 
The su rface of the flame has reconnected by 38 ms after ignition, with the majority of 
the remaining trapped unburnt mixture consumed by t = 42 ms. Interestingly the fresh 
charge bounded by flame in the wake of the first obstacle remains un-consumed, even 
in the final frame of the sequence at t = 44 ms. 
The addition of a third blockage within the combustion chamber to increase the 
complexity of the flame structure developed and provide information on the 
interaction between a propagating flame and multiple blockages was completed with 
the placement of a third rectangular obstacle a further 100 mm downstream of the 
second. Figure 6.15 again presents a representative sequence of images extracted from 
the HSLSFV of a typical propagating flame experimental run. A total of 12 frames 
have been utilised to depict the important features of flame propagation over three 
evenly spaced rectangular obstacles. In brief, the initial stages of the flame 
development exhibit the same characteristics as those visualised for the single and 
double obstacle configurations. The flame appears flat at first, then interacts with the 
initial blockage, resulting in the jetting of the flame into the downstream region 
(frames t = 22 ms to t = 28 ms). At t =30 ms the flame front begins to interact with 
rotating flow structures previously developed in the obstacle wake, curling over 
towards the chamber centreline. The flame front interacts with the second blockage, 
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jetting passed the sides of the obstacle. However, at t = 34 ms the presence of the third 
blockage begins to effect the flame development. Over the period from t = 34 ms to 
t = 36 ms the flame propagates through the openjng between obstacle and chamber, 
with a speed such that the most downstream flame surface is no longer located within 
the imaged area. 
Movement of the flame into the wake regions downstream of each obstacle occurs 
over the remaining time period provided in figure 6.15. Differences in the structure of 
the flame front are noticeable between the three regions. Figure 6.16 is provided to 
highlight the differences in the flame structure during each of experimental 
configurations. Flame front structures at four subsequent times are presented for each 
case. It is clear that the overall downstream speed of propagation increases from the 
single to multiple obstacle configuration. The figure shows the similarity achieved in 
the flame front structure on approach to the first obstacle at t = 24 ms. The similarity 
in flame geometry remains regardless of the number of obstacles present, and at 
t = 26 ms the flame propagates past the obstacle wrapping into the flow structures. At 
t = 32 ms, differences between the single and multiple obstacle cases become 
apparent. Similarities in flame geometry occur with two and three obstacles present, 
but the single obstacle flame forms very differently, curling and propagating 
downstream as two uniform fronts. In the final set of frames, differences between 
each case can be seen. The single obstacle flame has propagated in a laminar fashion 
and remains within the image area. The two obstacle case flame has jetted a 
considerable distance downstream of the second blockage, though a turbulent flame 
structure exits in the wake of this obstacle as the flame interacts with the rotations 
generated in the unburnt mixture. The three obstacle case highlights similar properties 
to the previous two, however it results in different flame structures generated in the 
wake of the first and second obstacle, and is assumed to have jetted a much greater 
distance downstream upon interaction with the third obstacle. Thus, flame structures 
generated in the wake of this obstacle are believed to be more chaotic, with a much 
greater surface area. 
The next stage of the investigation was the visualisation of the wake regions of both 
the second and the third obstacle. As with the initial single obstacle case it was 
assumed the initial similarity of the flame front structure upto the interaction with the 
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obstacle would allow the recording of one side of the chamber for improved 
resolution. 
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t = 22 m t = 24 ms t = 26 ms t = 28 ms t = 30 ms t = 32 ms 
t = 34 ms t = 36 ms l = 38 rns t = 40 ms t = 42 ms t = 44 ms 
Figure 6.14 A repre entative sequence taken from the high speed laser sheet now visualisation technique recording the global name propagation 
through a stoichiometric mixture \Vtthin the combustion chamber containing two rectangular obstacles 
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t = 22 ms t = 24 ms t = 26 ms t = 28 ms t = 30 ms t = 32 ms 
t = 34 ms t = 36 ms t = 38 ms t = 40 ms t = 42 ms t = 44 ms 
Figure 6.15 A representative sequence taken from the high speed laser sheet now visualisation technique recording the global name propagation 
through a stoichiometric mixture within the combustion chamber containing three rectangular obstacle 
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ne Ob tacle 
1\\ o Obstacles 
I hrcc Ob tacle 
t - 24 ms t = 28 m t = 32 ms t = 36 ms 
Figure 6.16 A comparison of repre entath e ·cqucnces taken !Tom the high speed la er 
sheet llow visualisation technique recording the global name propagation through a 
stoichiometric mixture within the combustion chamber containing one, two and three 
rectangular obstacles 
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Figure 6.17 provides a sequence of I 2 frames extracted from a single detailed 
HSLSFV recording of a typical flame propagation within the combustion chamber 
containing two rectangular obstacles. The first frames of the figure clearly show a 
number of small scale recirculating structures generated from the upper corner of the 
obstacle. Over the period t = 18 ms to t = 28 ms the flow structures appear to be 
involved in an overall recirculation towards the centreline of the combustion chamber. 
At t = 30 ms and t = 32 ms, the flame becomes present in the imaged area and the 
smal l scale structures form a large overall rotation which is convected downstream . 
The flame front continues to develop into the imaged area, interacti ng with the flow 
structures and becoming more turbulent in nature. At t = 36 ms the portion of the 
flame propagating along the right hand area of the chamber has reconnected with that 
from the left hand area. This forms a region of trapped unburnt mixture that is slowly 
consumed. 
C loser inspection of the wake region behind the third obstacle provides flow and 
flame structures that were formed in essentially the same manner as those recorded 
behind the previous blockages, however the magnitude of the interactions is greater. 
Figure 6.18 presents 12 frames extracted to provide a sequence of fundamental flow 
and flame development in this wake region. From t = 18 ms tot =30 ms the formation 
of recirculations from the upper corner of the rectangular obstacle is apparent. The 
structures are involved in an overall rotation, which begins to convect downstream. 
This flow structure is similar to those seen in previous cases, however it does occupy 
a greater area within the flow. At 32 ms the fou r smaller structures have formed one 
large scale recirculation, which again continues to rotate and convect downstream. 
The flame becomes apparent in the frame sequence at t =34 ms. The speed of the 
flame was increased by propagation over the first two blockages, resulting in a the t ips 
of the flame quickly moving out of the imaged area. The flame front that is captured 
on this frame, although moving passed the overall recirculation appears very wrinkled 
along the inner edge. At t = 36 ms the flame front that jetted downstream interacts 
w ith the fl ow structure and curls over, propagating back upstream approximately 
40 mm. The flame front which passed through the constriction on the opposite side of 
the chamber, arrives in the imaged area, with both sections of flame front considerable 
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wrinkled. The flame reconnects by 38 ms after ignition start, and continues to 
consume the trapped fresh mixture. 
With respect to previous findings presented on flame/vortex interactions and the 
visualisation of flame/obstacle interactions, the main features of the flame propagation 
can be described. As the flame front propagates towards the obstacle, the flow ahead 
of the flame is pushed past the obstacle and 'jets' downstream, close to the containing 
wall. This flow generates recirculations, or 'eddies', which shed from the obstacle into 
the stagnant wake behind the blockage. A symetrical pair of eddies is formed either 
side of the obstacle. The shedding point for these first eddies is the rear corner of the 
rectangular obstacle. As the flame approaches the obstacle the eddies grow and 
convect downstream, moving towards the chamber centre-line behind the obstacle. As 
the eddies separate from the body further eddies are formed. As the flame reaches the 
obstacle it accelerates rapidly through the constriction between the obstacle and the 
wall. 
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-- .1(1 . . . .:.:..· . . . ~ ~-'. 
L = 18 ms t = 20 ms t = 22 ms t = 24 rns t = 26 ms t = 28 ms 
t = 30 ms t = 32 ms t = 34 ms t = 36 ms t = 38 ms t = 40 ms 
Figure 6. I 7 A representative sequence taken from the high speed laser sheet now visualisation technique utilised to record the structure of a 
stoichiometric premixed flame propagating in the wake region of the second rectangular obstacle located within the combustion chamber 
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t = 18 ms 
.- .... 
- l = 30 ms 
t = 20 ms 
t = 32 ms 
.. 
--t = 22 ms 
. , 
~ 
t = 34 rns 
t = 24 ms t = 26 ms l = 28 ms 
t = 36 ms t = 38 ms t = 40 ms 
Figure 6. 18 A representative sequence taken from the high speed laser sheet now isualisation technique util ised to record the structure of a 
stoichiometric premixed name propagating in the wake region of the third rectangular obstacle located within the combustion chamber 
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On exiting from the constriction the flame decelerates and starts to burn into the 
obstacle wake. The flame wraps around the wake vortices and flame area increases. 
As the flame burns into the wake and effectively ' reconnects', it leave a small trapped 
volume of unburned mixture. After the deceleration, where the flame burned into the 
wake and reconnected, the flame accelerates and the remaining mixture is pushed past 
the second obstacle. The flame now is travelling at an increased translational speed 
and the phenomena described above, is repeated in the wake of the second obstalce. 
The vortex shedding in the mixture is thereofere increased and so the complexity of 
the flow structures formed is increased. The flame burns into thi s, before repeating the 
process at a higher speed over the third obstacle. The resulting generated flame 
sturtures are highly turbulent. 
The repetition of the phenomena involving the formation of vortex structures, flame 
acceleration and interaction between flow and flame can be observed when the 
HSLSFV sequences for both multiple obstacle experimental configurations are 
analysed for basic flame properties. ln a similar manner to the results presented for the 
single obstacle case, individual frames of a typical recording where analysed for 
maximum downstream flame front position. The results for this analysis are presented 
in figure 6.19. The plot highlights a similar initial increase in flame position with time 
after ignition for the three configurations. However, once the flame reaches 
approximately 0.2 m, the position of the second obstacle, differences in position with 
time between the flames occur. A second change between the data for each multiple 
obstacle case may be present at 0.3 m, the position of the third obstacle, but 
unfortunately due to the size of the image area no data was available beyond 0.33 m. 
Analysing the positional data with respect to time provides information on the 
translation flame speed relative to a stationary observer. Figure 6.20 presents flame 
speed data prepared for each single and multiple obstacle case, with respect to 
downstream flame position. The trend discussed in the previous section for the single 
obstacle case is clearly presented, with the initial stages of the multiple obstacle 
propagating flames following the same trend. Upon deceleration, where the flame 
speed reaches a minimum, the flame is assumed to be burning into the wake region of 
the first obstacle. After this period, in all three cases the derived fl ame speed 
increases, however, the speed of flame propagation is greater in the multiple cases, 
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with both two and three obstacle configurations fo llowing a sirnjlar trend. Thls is 
assumed to be as the flame accelerates passed the position of the second obstacle. 
Translational flame speeds of approximately 42 ms-1 where calculated at 0.22 m. 
Interestingly a difference occurs in the derived flame speed between the two and three 
obstacle cases. As the flame is assumed to be burning into the wake region of the 
second obstacle, the reduction in flame speed seen is greater in the two obstacle case 
where the speed falls to 26 ms-1 at 0.275 m. This compares to a shorter fal l in flame 
speed to 35 ms-1 at 0.26 m for the three obstacle configuration. The movement of the 
flame speed miruma suggests that the position at which the fl ame burns into the flow 
structures moves further downstream in the two obstacle case. Also, in the three 
obstacle configuration, the flame interacts with the third blockage shortly after being 
entrained into the flow recirculations in the second obstacle wake, resu lting in the 
greater increase in flame speed. 
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Figure 6.19 Variation of derived maximum downstream flame position relative to the 
ignition point with time after the mixture ignition for three cases of blockage 
configuration 
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Figure 6.20 Variation of derived translational downstream flame tip speed with 
ma-ximum downstream flame position, relative to the ignition point for three cases of 
blockage configuration 
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blockage configuration 
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The relative differences involved in the change of flame speed between the single and 
multiple obstacle cases can be seen in figure 6.21. The figure presents derived flame 
acceleration relative to position for the typical examples of flame propagation 
analysed in each experimental configuration. The single obstacle case was discussed 
in detail in the previous section, and the results for the multiple obstacle cases follow 
the expected trends. The acceleration as the flame 'jets' passed the constricting 
obstacle can be seen in each of the three cases, occurring shortly before each obstacle 
position. After acceleration passed the obstacle flame deceleration occurs, this is 
during the period assumed to be when the flame burns into the recirculating vortex 
structures in the obstacle wake. 
6.6 Flame/Obstacle Interaction Characterisation 
Having provided detailed visualisation of the flow formation and flame structure 
during fl ame propagation over single and multiple obstacles there was an obvious 
need to quantifY the interaction. Single and twin camera PIV studies were employed 
to acquire data on both flow field structure, and flame movement in the regions of 
interest within the combustion chamber. 
6.6.1 Flow Field Quantification 
Employing a similar method of quantification of flow field structures, to that 
presented in chapter 5, vortex generation investigation, the particle image velocimetry 
technique was utilised to provide detailed velocity fie ld data on the formation of the 
turbulent recirculating structures observed in the wake region of each of the 
rectangular obstacles during early stages of flame propagation. 
Based on the repeatability of the experimental configuration observed in terms of 
flame arrival times and structures, individual runs taken from single camera PIV 
capture were concatagated to form an accurate representation of the temporal 
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development of the flow recirculations. Figure 6.22 presets an example of such a 
sequence of flow field formation in the wake of the first obstacle, where capture 
timing, described previously in section 6.3.2, allowed a time interval of 0.4 ms 
between frames. In the figure each cross correlated velocity field is presented over the 
corresponding high resolution image taken from the first frame of that particular PIV 
image pair. The initial high resolution image clearly depicts two recirculations, or 
eddy formations, in the lower left hand corner. The majority of the remainder of the 
image is occupied by uniform mixture flow. The first eddy can be seen forming along 
the outside edge of the rectangular obstacle. The second recirculation has convected 
downstream and moved towards the centreline of the chamber. In agreement the 
measured velocity field highlights the initial eddy forming on the obstacle corner and 
the second eddy approximately 9 mm above the top face of the obstac le. Speeds of 
recirculation are relatively small, with the lower eddy having a typical rotation speed 
of 4 ms-1, the upper eddy 6 ms-1• At t = 21.0 ms the upper eddy from the last frame 
has drifted out of the image window, leaving the original lower recirculation to move 
into the obstacle wake region. The eddy is positioned approximately 8 mm above the 
upper face of the blockage. Rotation speeds of the eddy remain constant with those 
previously measured. Over the next two frames the eddy structure in the obstac le 
wake continues to move downstream and inwards, keeping a relatively constant 
rotation velocity. Interestingly, at t = 21 .8 ms a third eddy formation begins to enter 
the analysis area. The new rotation forms in a similar manner to the previous example, 
moving along the outside edge of the blockage. In the final frame of the chosen 
sequence, t = 22.2 ms, the upper eddy occupies a position approximately 15 mm 
above the downstream face of the obstacle. The flow below the eddy also indicates an 
overall rotation of 4 ms-1, involving a ll the eddy formations. In brief the sequence 
presented in figure 6.23 shows the early formation and development of the flow 
sturtures, at the forward edge of the obstacle. The eddies grow down the edge of the 
obstacle and shed into the wake. 
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20.6 ms 2 1.0 ms 2 1.4 ms 
30 mm 
21.8 ms 22.2 ms 
Figure 6.22 A selected sequence of single camera PIV images obtained in the wake of the first rectangular obstacle, highlighting flow structures 
generated as the flame front develops 
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6.6.2 Flame/Flow Interaction Quantification - Measurement 
Utilising the twin camera PIV technique developed during studies presented in 
chapter 5, quantification of the interaction between propagating flame and generated 
flow field was achieved. Capture of measured flow velocity field and flame front 
location at two instances on the same experimental run allowed the definite 
quantification of flame/flow interactions. No uncertainties developed from 
experimental variation, in terms of timing or location, were present 
Examples of the capture of such flame/flow interactions in the wake region of each 
blockage are presented in figures 6.23, 6.24 and 6.25 for obstacle one, two and three 
respectively. Each figure provides high resolution first frame images from the two 
PJV sets captured, together with the corresponding measured velocity field taken from 
each PlY set. The highlighted region on the detailed frame image represents the area 
analysed to provide the velocity field data presented directly below. For the case of 
the first obstacle, figure 6.23, the frame shows flame propagation past the obstacle 
side and into the wake region at approximately 27 ms after the start of ignition. The 
second frame then corresponds to a time 27.2 ms after the start of ignition. ln each 
frame the flame is clearly present in the right hand side of the images as the black 
region were all flow tracers have been consumed. At t == 27.0 ms the flame has 
propagated approximately 40 mm downstream of the obstacle as it begins to wrap into 
the turbulent structures that have been generated by vortex shedding from the 
obstacle, as described in the previous section. The image also shows what appears to 
be a turbulent eddy structure located just below the tip of the flame. Two hundred 
microseconds later, the second frame of the figure shows the most downstream region 
of the flame has propagated a further 3 mm. It is also apparent that the flame has 
curled further over into the wake region of the obstacle. The turbulent eddy structure 
discussed remains in approximately the same position, however more small scale 
structures appear on the image. ln each case the flame front towards the inside of the 
chamber has become dist01ted as it interacts with the small scale flow structures. 
The corresponding measured flow velocity field for the region highlighted in the high 
resolution images are presented with the area occupied by the flame left blank to aid 
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visualisation of its position relative to the flow. The flow field ofthe first image frame 
highlights a recirculation of approximately 3 ms·1 located in the centre of the image 
below the tip of the flame. The position of the eddy structure relative to the blockage 
was measured as 20 mm above the upper surface of the rectangular obstacle. Ahead of 
the most downstream point of the flame the flow is moving with a velocity of 7.5 ms·' 
in a direction that propagates down the vertical axis of the combustion chamber. 
Comparison with the second measured flow velocity field highlights the movement of 
the flame into the wake region, as it appears to follow the direction of the unburnt 
mixture flow. Interestingly the large recirculation seen in the previous capture has 
moved downstream by approximately 3 mm, and its speed of rotation has increased to 
4 ms·1• 
Figure 6.24 presents similar examples of flame and flow field capture in the wake of 
the second obstacle. First inspection of the high resolution images show that the flame 
has propagated a greater distance downstream before interaction with flow structures 
in comparison to the flame recorded in the wake of obstacle one. For th is case the 
initial PIV set was captured approximately 33 ms after the start of ignition, with the 
second a further 200 !lS later. At t =33.0 ms the flame can be seen to have propagated. 
approximately 55 mm downstream of the obstacle after jetting through the 
constriction between blockage and containing chamber wall. The tip of the flame 
begins to interact with the flow structures present, with a defined point forming on the 
flame front as it wraps into the eddy generated by vortex shedding in the wake. A 
large overall recirculating flow structure can be seen towards the centre of the image, 
approximately 20 mm below the tip of the flame. The recirculation has an effective 
diameter of 30 mm. Smaller eddy structures also appear on the image, causing more 
wrinkling along the inside face of the flame front. At t == 33 .2 ms the most 
downstream point of the flame has propagated a further 6mm along the vertical axis 
of the chamber. The flame tip becomes more prominent moving towards the centre of 
the chamber, and the inside surface of the flame appears to become more distorted as 
the large recirculation grows. 
From each frame set a velocity vector plot for the area highlighted is presented in the 
lower images. Again, for the initial frame set a clear recirculation is apparent within 
the flow field below the tip of the flame. Thi s corresponds to the structures that can be 
280 
,-------------------------- ------------------- ~ -
seen in the high resolution CCD image. The scale of the vector length is the same as 
that for figure 6.23, data showing a clear increase in the speed of turbulent 
recirculation behind obstacle 2. The flow velocity in this region is I 0 ms· ' and the 
velocity of the flow of unburnt mixture being pushed ahead of the flame is 30 ms·'-
The position of the centre of the large recirculation can be seen at approximately 21 
mm above the obstacle face. In the second measured flow velocity field the position 
of the recircu lation is 23 mm. The overall structure of the flow is similar to that of the 
first frame set, however the speed of the recirculation has increased to 12 ms·'. 
Similarly to the previous examples, figure 6.25 presents the high resolution images 
and corresponding flow velocity fields in the wake of the third obstacle at 34.0 ms and 
34.2 ms after ignition, respectively. In the first frames presented the base of the image 
was recorded 25 mm above the upper surface of the obstacle, due to the large distance 
the flame jetted down stream on passing through obstacle/wall constriction. At 
t = 34.0 ms the most downstream region of the flame front has propagated 80 mm past 
the surface of the blockage. The shape of the captured flame front is similar to that 
behind obstacle 2, however the flow field structures captured are greater in size 
indicating a higher level of turbulence. The flow structures again appear to have an 
overall recirculation below the tip of the flame, occupying 50 % of the image height. 
Outer smaller scale turbu lent structures are located above the most downstream 
position of the flame. The small scale structures located close to the flame surface 
also appear to have the effect of distorting the flame shape. At t = 34.2 ms, the flame 
front has propagated a further 10 mm downstream of the obstacle surface. The tip of 
the flame has also followed a circular path, propagating approximately 9 mm towards 
the chamber centre line. As with the previous cases the large recirculating flow 
structure present in the centre of the image has remained in a similar position over the 
200 ~J.S period, however, further smaller turbulent structures appear to have affected 
the inside surface of the flame front. This results in accentuation of distortions along 
the flame in the region of the eddy structure. 
The velocity vectors for the area of interest highlighted in each CCD image recording 
show the large overall recirculation discussed previously. Typical fl ow velocities 
around the recirculation are 20 ms"1, which when in comparison to the velocity fields 
for the first and second obstacles clearly indicate a much higher level of turbulence 
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generation in the wake region of obstacle 3. The centre of the recirculation is 
approximately 35 mm above the surface of the blockage. Flow ahead of the flame is 
also moving with a higher velocity of 50 ms·1 in the downstream direction. However 
the general trend for the flow field structure is similar to those of the previous cases, 
though a definite order of magnitude greater in terms offlow velocity. 
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Figure 6.23 High resolution digital PlY images together with corresponding measured 
velocity field of highlighted area at two instances during a typical experimental flame 
propagation run over a sing le rectangular obstacle 
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Figure 6.24 High resolution digital PIV images together with corresponding measured 
velocity field of highlighted area at two instances during a typical experimental flame 
propagation run. Two rectangular obstacle were present within the chamber, with the 
imaged area located in the wake of the second obstacle 
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Figure 6.25 High resolution digital PIV images together with corresponding measured 
velocity field of highlighted area at two instances during a typical experimental name 
propagation run. Three rectangular obstacle were present within the chamber, wi th the 
imaged area located in the wake of the third obstacle 
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6.6.3 Flame/Flow Interaction Quantification - Theory 
An important parameter in the study of turbulent flame propagation is that of flame 
stretch [68]. Thus, the stretch rate, K, is of great interest in developing an 
understanding of tlame/tlow interactions. Stretch rate can be defined in terms of the 
flame sheet area, Ab, where 
K=(~J( d~b) (6.1) 
Driscoll et al. [ 114] showed that in a two dimensional plane, the contributions to the 
stretch rate from the velocity components can be defined as 
K _our -~ 
2D - os R (6.2) 
where SL is the unstretched laminar flame burning velocity, and R is the local radius 
of curvature. For studies R can be considered positive if flame fronts convex towards 
the reactants, and ur is the tlow velocity component tangential to the flame surface (in 
the s direction). The first term in equation 6.2 is the aerodynamic tangential strain and 
the second term is the rate of flame area increase due to flame curvature. Driscoll et 
al. [114] also provided a technique for the extraction of strain rate, K, from an 
idealised experimental geometry examining the flame/vortex interaction. Utilising 
steady state theory the following relation was provided 
(6.3) 
where Sd is the flame displacement speed, ie. the speed relative to the reactants. The 
dimensionless Markstein number is expressed as, Ma = L/60 , where L is the 
Markstein length, which is a measure ofthe response of the flame to stretch, and OD is 
the local characteristic flame thickness. Karlovitz number, Ka, discussed briefly in 
chapter 2, is the ratio of the flame residence time and the flame stretch time and for 
the purpose of this work is defined as: 
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(6.4) 
The above equation provides a link between the stretch rate, the laminar flame 
thickness and the flame displacement speed. 
In the present study, the use of twin camera PIV allows the derivation of a local flame 
displacement speed based on the theory proposed by Sinibaldi et al. [68], discussed in 
chapter 5, section 5.5.3. The two sets of frames provides the basis for determining 
both the two dimensional flow velocity field ahead of the propagating flame and the 
local flame speed. The calculation of flame speed was completed using local flame 
front position generated from the first image of each PIV set. 
Examples of the derivation of local flame displacement speed are presented for flame 
propagation in the wake of each obstacle within the combustion chamber. The first 
example of measured flame front displacement is presented in figure 6.26, with a time 
separation between sets of 200 J..lS corresponding to the high resolution captures and 
PIV flow fields presented in figure 6.23 The figure clearly shows the location of the 
propagating front at each instance, indicating the overall downstream motion of the 
flame. Interestingly the region of the lower flame front close to the chamber central 
axis, over the 200 J..lS, appears to move into a region previously occupied by burnt gas. 
This phenomena is thought to be a result of the recirculating motion of the unburnt 
mixture flow discussed in detail during the previous section. 
The calculated variation with curvilinear distance around the flame front of the flame 
displacement speed, Sd, in the early stages of the interaction are given in figure 6.27, 
together with the local radius of curvature for the flame sequence presented in the 
previous figure. Data for the flame displacement speed was normalised with respect to 
the unstretched laminar flame speed. Both sets of data presented are plotted relative to 
the distance around the flame front, starting from the lower right hand corner of the 
initial flame front capture presented in figure 6.26. The flame displacement speed 
remains approximately constant around the early stages of the flame front as the 
radius of curvature reduces. This region of the plot corresponds to the upper region of 
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the flame front moving towards the flame tip. As the tip of the flame is approached 
and the radius of curvature becomes negative, a large variation in flame displacement 
speed can be seen. This is attributed to areas of high flow velocity compared with 
small positive and negative normal flame speeds. In the lower central region of the 
flame front close to the location of the recirculation zone and small scale eddies 
described in the previous section there is a strong variation in flame displacement 
speed. For the data presented values of Sd were found to be up to ten times that of the 
unstretched laminar flame speed. This result is larger that those observed by Sinibaldi 
et al. [68] investigating a propagating flame interacting with a vortex in a mixture 
with equivalence ratio of 0.6 . Also, notably, negative values of flame displacement 
speeds were calculated, matching findings presented by Gran et al. [ 115] based on a 
direct numerical simulation of a stoichiometric flame propagating through a two 
dimensional turbulent field. 
The second example concentrates on flame propagation in the wake of obstacle two. 
Figure 6.28 presents the measured flame front positions at capture instances separated 
by 200 ).lS. The plotted flame fronts correspond to the high resolution images and PfV 
flow velocity fields given in figure 6.24. It is clear that over the 200 ).lS the flame 
propagates predominantly downstream, whilst movement of the flame tip into the 
wake region occurs. Unlike the previous example of propagation into the wake of 
obstacle one, the flame jets a substantial distance downstream. Also, there is no real 
evidence of the lower central portion of the flame front moving into an area 
previously occupied by burnt gas. 
Figure 6.29 presents the calculated flame displacement speed for the captured 
propagation into the second obstacle wake shown in the previous figure. 
Displacement speed was normalised with respect to SL and plotted with the local 
radius of curvature relative to the distance around the flame front. The figure shows a 
relatively constant Sd as the curvature of the flame begins to decrease over the flame 
surface distance 0 mm to 30 mm. A sharp change in radius of curvature at 
approximate ly 19 mm corresponds to a change in the flame shape along the most 
downstream point of the flame front, and is matched by a variation in displacement 
speed. As the tip of the flame is approached the radius of curvature becomes negative, 
resulting in a large variation in Sd. For the remainder of the flame front, in the lower 
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central region affected by the recirculation structures, variations in flame 
displacement speed and radius of curvature can be seen. In this region large 
differences in the direction of the flame front movement and flow velocity are 
responsible for the observed variations. On comparison to the calculated displacement 
speed in the wake of obstacle one, similar trends can be seen. However, much larger 
values were calculated, indicating flame speeds upto I 00 times that of the unstretched 
laminar flame speed. Also negative values of Sd that differ from the first obstacle case 
by an order of magnitude are present. 
Flame propagation into the wake of the third obstacle is presented in figure 6.30, 
showing the flame position at two instances separated by 200 ~tS. The figure 
corresponds to the captured flame and flow field presented previously in figure 6.26. 
Similarly to the second obstacle case the predominant motion of the flame front is 
downstream, with development of the flame tip into the obstacle wake occurs. 
Regions of the flame do exhibit movement into areas previously occupied by burnt 
gas, which can be attributed to the movement of unburnt mixture over the capture 
separation period. 
Comparison of the normalised flame displacement speed and local radius of curvature 
relative to the distance around the flame front is presented in figure 6.3 I for the third 
obstacle case. As with the previous examples, starting from the right hand side of the 
flame front, the radius of curvature begins to decrease with movement towards the 
flame tip. The relatively uniform decrease in local curvature corresponds with the 
constant flame displacement speed. This trend is similar to that seen in the previous 
two examples. Around the flame tip, where the radius of curvature becomes negative, 
there is an increase in Sd. However, due to the shape of the captured flame front the 
local curvature becomes positive again, and although variations occur, unlike the 
resu lts for flame propagation in the wake of obstacle one and two, the flame 
displacement speed remains positive. In the lower region of the flame front close to 
the chamber centre, variation in flame radius occurs which does correspond to 
calculations of negative Sd. Overall, the magnitude of flame displacement speeds 
observed are similar to that of the second obstacle case, with values of St!SL reaching 
over 40. As discussed, in the lower regions of the flame surface negative values of 
flame displacement speed were observed, matching findings of Gran et al. [115] 
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Figure 6.26 Measured typical flame front locations, at a time separation of200 )lS, 
within the wake region of the first obstacle. The initial flame front occurs 
approximately 28 ms after the start of ignition 
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Figure 6.27 Calculated variation with curvilinear distance around the flame front of 
normalised flame displacement speed and radius of curvature. Data obtained from the 
typical experimental run presented in figure 6.26 
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Figure 6.28 Measured typical flame front locations, at a time separation of200 J.tS, 
within the wake region of the second obstacle. The initia l flame front occurs 
approximately 32 ms after the start of ignition 
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Figure 6.29 Calculated variation with curvilinear distance around the flame front of 
normalised flame displacement speed and radius of curvature. Data obtained from the 
typical experimental run presented in figure 6.28 
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Figure 6.30 Measured typical flame front locations, at a time separation of200 J..LS, 
within the wake region of the third obstacle. The initial flame front occurs 
approximately 34 ms after the start of ignition 
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Figure 6.31 Calculated variation with curvilinear distance around the flame front of 
normalised flame displacement speed and radius of curvature. Data obtained from the 
typical experimental run presented in figure 6.30 
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The application of the newly developed twin camera PIV diagnostics for the 
calculation of flame displacement speed, can aid in the determination of the stretch 
rate, K. A brief introduction of pub I ished theory on the calculation of K was presented 
earlier in this section, were it was recognised as an important parameter in the study 
of turbulent combustion. Thus, for an example of flame propagation in the wake of 
obstacle one, data leading to the calculation of the stretch rate is presented. 
Figure 6.32 provides plots of the captured flame front at two instances separated by 
200 IJ.S. The figure shows the early development of the flame front in comparison to 
that shown previously, with similar trends apparent in the motion of the flame front. 
Overall, the flame appears to propagate downstream, however the tip of the flame 
begins to curl inwards towards the chamber centre line. This can be attributed to the 
recirculations present in the obstacle wake. Again, interestingly, the lower central 
regi on of the flame surface shows movement back into an area previously occupied 
by burnt gas. 
Analysis of the flame front at the two instances and the recorded flow velocity field 
allowed the calculation of the flame displacement speed, and the local radius of 
curvature. Figure 6.33 presents both Sd normalised with respect to SL and curvature 
relative to the distance around the flame surface. The example shows a more stable 
development of the flame curvature, starting from the lower right hand side of the 
flame front. Over the initial region of the flame, approximately 0 mm to 25 mm, the 
local curvature follows the trend observed in the previous examples, with decreasing 
radius on approach to the flame tip. This corresponds to a relatively constant flame 
displacement speed over the surface 0 mm to 20 mm. However, c loseness to the flame 
tip results in an increase in Sd to a maximum at approximately 28 mm. In the lower 
central region of the flame front, negative values of radius are measured which results 
in a variation in the right hand side of the plot for calculated flame displacement 
speed. The maximum variation of Sd observed in the current data was six times the 
unstretched laminar burning velocity. This is in agreement with the studies of both 
Sinibaldi et al. [68] and Gran et al. [115]. Interestingly, from the data a correlation 
between the radius of curvature and the displacement speed is apparent, an example of 
this correlation is presented in figure 6.34. 
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Utilising the measured flow velocity and the flame speed normal to the flame surface 
over the 200 !!S separation, the determination of the tangential flow velocity, u1 was 
possible. Figure 6.35 presents the variation in Ut, together with the local radius of 
curvature relative to the distance around the flame surface. The plot shows an increase 
in the tangential velocity corresponding to a decrease in curvature over the initial 
region of the flame surface. In the region of the flame tip, where variations in 
curvature are apparent, corresponding variations in the tangential velocity also occur. 
Over the entire flame surface a maximum Ut of 10 ms·1 was calculated. 
Having determined the tangential velocity along the flame front, usmg theory 
presented by Renou et al. [79], the tangential strain rate, Sn, could be calculated. 
Renou et al. [79] proposed the following equation linking ut with distance along the 
flame surface, s, such that 
s = ou, 
11 as 
(6.5) 
Based on this the local flame stretch, K, could then be attained using the relation 
between the tangential strain rate, the flame displacement speed, sd, and the local 
curvature, h, such that 
(6.6) 
Figure 6.36 presents the calculated local flame stretch, K, together with the radius of 
curvature relative to the distance around the flame front for the flame propagation 
example discussed previously. The figure shows small variations in K along the 
surface from 0 mm to 20 mm. In this region the flame stretch is mainly positive and 
corresponds to the relatively uniform decrease in radius of curvature. Approach to the 
tip of the flame, where variations in radius of curvature occurs, correspond to large 
variations in the local flame stretch. At around 25 mm along the flame surface, a 
minima value of K equal to approximately -2000 s·1 is presented, which can be linked 
to the tip region of the flame front where interaction with the flow structures begins. 
In the area of the plot equivalent to the lower central region of the flame surface a 
maximum value of flame stretch equal to approximately 2000 s·1 and minimum value 
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of approximately -3000 s-l can be seen. The range of values for flame stretch 
observed in the wake of obstacle one corresponds to mathematical predictions of the 
same geometry completed by Pate! [26]. 
Comparison of the local flame stretch and nonnalised displacement speed also show 
similarities. Figure 6.37 presents both flame stretch and displacement speed 
normalised with respect to SL relative to the distance around the flame surface. Again 
in the region from 0 mm to 20 mm Sd remains reasonable constant, and over the same 
distance K also remains approximately constant. As the flame tip is approached and 
the displacement speed increases, a matching decrease in the local flame stretch is 
observed. A similar trend can be seen at approximately 30 mm along the flame 
surface were a maximum in K and a corresponding minima in normalised flame 
displacement speed is apparent. These observations agree with data presented by 
Renou et al. (116] highlighting a correlation between local flame displacement speed 
and local stretch for methane/air mixtures. 
Finally, based on the data obtained from the mathematical model validated and 
developed utilising the experimental results presented within this chapter, an estimate 
of the region covered by the experimental study within the combustion regime 
diagram of Borghi [52], modified by Mathews et al. (117] is given in figure 6.38. 
Similar to the diagram presented in chapter 2, proposed by Abraham et a! [59], the 
region of assumed spark ignition re engine combustion is highlighted . The area 
enclosed by the dashed line represents the region occupied by data presented in this 
study, and shows the similarity of the flame propagation completed within the small 
scale geometries to that within the SI engine. Details of the mathematical model 
formation area given in Appendix B. 
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see Appendix B 
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6.7 Flame/Obstacle Interaction Pressure Measurement 
The final diagnostics applied to the quantify ing the interaction between propagating 
flame and solid blockage was the measurement of chamber pressure. Similar to data 
presented dur ing chapter 4 , with reference to simple unopposed flame propagation 
pressures at U1e ignition and exit end of the chamber were recorded . Figure 6.39 
presents a plot for three individua l runs, one typical for each obstacle configuration. 
Figure 6.39 provides recorded pressure traces with respect to time after ignition. The 
plot shows clearly the variation in measmed peak pressure with increasing number of 
blockages present in the combustion chamber. The main trend of the data shows that 
increasing the number of obstacles raises the peak pressure generated. For the case of 
the single rectangular obstacle, peak pressure occurs at approx imately 33 ms after the 
start of mixture ignition. Adding a second blockage to the chamber appears to delay 
the actual timing of the peak pressure by 2 ms however a rise in the measured 
pressure is observed around the 33 ms mark. The actual peak pressure generated 
increases to a value of approximately 1.022 bar. This compares to a peak pressure of 
1. 10 bar wi th the introduction of a third obstacle. In this case the rise corresponding to 
the peak of the single obstacle configuration occurs at 33 ms, however a vast increase 
is seen at 36 ms. 
In all three experimental configurations a rise in p ressure at approximately 25 ms was 
observed. This is believed to be attributed to the fai lure of the thin plastic sealing 
membrane utilised to contain the premixed charge prior to ignition. Discussion. of the 
pressure traces observed for a freely propagating fl ame in a combustion chamber of 
the same geomeh-y was given in chapter 4, section 4.6. 
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6.8 Conclusion 
The investigation into flame propagation and interaction with multiple sol id obstacles 
provided both visualisation and quantification of turbulent flame behaviour in a small 
scale laboratory based environment. Findings based on flame front visualisation and 
characterisation of fl ow velocity and fl ame properties was completed. 
1. The study utilised the high speed laser sheet flow visual isation diagnostic 
technique to provide accurate capture of the global flame propagation within 
the combustion chamber containing either l, 2 or 3 solid rectangular 
obstacles. The results highlight the interaction with each obstacle remains 
similar, with the uniform flame front forced to propagate through the 
restrictions imposed by the blockage. This results in the flame front jetting 
downstream either side of the obstacle before curling into the wake region 
behind the blockage. The curli ng of the fl ame tip was believed to be due to 
the interaction between fl ame and flow structures generated from the sides of 
the obstacle. Deta iled HSLSFV provided examples of the formation of 
recirculating flow structures formed in the obstacle wake and the subsequent 
flame interaction forming a turbulent fl ame. Increasingly turbulent flames 
were produced with the introduction of multiple obstacles 
2. Analysis of individual frames extracted from the high speed recordings 
showed an increase in translational flame speed as the flame propagated past 
the obstacle. Determination of the fl ame acceleration high lighted a 
deceleration of the fl ame front in the wake region of the obstacle, assumed to 
be a result of the flame interacting with the flow structures. Simi larities in the 
calculated flame speed at each obstacle were apparent, with typical 
translational flame speeds of 20 ms-1 at obstacle I , 40 ms-1 at obstacle 2 and 
80 ms-1 at obstac le 3. This compares to flame speeds reported by 
Hargrave et al. [77] of approximately 30 ms-1 around a cylindrical obstacle 
generating 50 % blockage. The pressure generation within the combustion 
chamber is also seen to increase with the placement of obstacles. 
3. Detailed single camera PlY findings suggested the flow recirculations 
generated within the wake of the obstacle were the result of vortex shedding 
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from the sharp corner of the blockage. The recirculations were captured 
convecting downstream from the top face of the obstacle and moving with an 
overall recirculation towards the centreline of the combustion chamber. 
4. The twin camera PIV technique provided both flame position data and flow 
velocity data at a separation of 200 )lS from the same experimental run. 
Examples of the two camera capture provided data on the local flame speed 
and mixture flow speed normal to the initial flame front in the wake of each 
obstacle. Thus calculation of displacement speed was completed for flame 
fronts at each obstacle. Interestingly both positive and negative values of 
Sc/SL were found with a range of 5 to 15 for obstacle l , -35 to 50 for 
obstacle 2 and -40 to 50 for obstacle 3. The positive values of Sc/SL are 
comparable for obstacle 1, and approximately I 0 times at obstacles 2 and 3 to 
that presented by Sinibaldi et al. [68]. The negative value of SciSL calculated 
in the wake region of obstacle 1 compare well to findings presented by 
Gran et al. [ 11 5), however the values of SISL for obstacle 2 and 3 again 
appear I 0 times larger by magnitude. 
5. Comparison of calculated Sc!SL with radius of curvature for each flame 
highlights a link between the two flame properties. A correlation between 
radius of curvature and Sc!SL was presented. 
6. Calculation of local flame stretch utilis ing data on tangential flow velocity 
and flame displacement speed was performed for an example of an early 
flame front in the wake of obstacle 1. The chosen flame front provided values 
of SJSL in the range of 0 to 5, with flame stretch, K, ranging from -2500 s-1 to 
3000 s-1• These values of local flame stretch compare well to mathematical 
simulation results presented by Patel [26) on flame propagation within the 
same geometry. The results for K highlight links with both the radius of 
curvature and flame displacement speed. 
7. Based on the mathematical model of Pate! [26] validated and developed by 
results from the current study an estimation of the flame propagation 
investigated position within the combustion regime diagram highlights the 
similarity to that of flame propagation within an Sl engine. 
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CHAPTER 7 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
7.1 Conclusions 
7 .1.1 Overview 
This thesis presented a detailed investigation into three different variations of 
premixed flame propagation in order to develop an increased understanding of 
specific aspects of premixed turbulent combustion. Individual studies of unrestricted 
flame propagation, flame interaction with vortices and flame interaction with multiple 
so lid obstacles were completed utilising non-intrusive diagnostic techniques. In 
addition preliminary examples of stratified fl ame propagation and interaction with 
obstacles is presented in appendix C. 
For the investigations two separate combustion chambers were designed and 
developed. The first allowed the investigation of flame propagation and with the 
introduction of solid blockages provided fl ame/obstacle interactions. The smaller 
second chamber utilised a pair of solid obstacles to generate vortex structures in the 
mixture into which the propagating flame could burn. In each configuration the 
chamber design ensured full visualisation and reproducibility of the flame front. The 
mixture preparation system developed also aided the reproducibil ity of the study with 
definite symmetry in the flame shapes produced. 
The initial investigation concentrated on gaining a global overview of typical 
premixed flame propagation within the confinements of the first combustion chamber. 
Variations in mixture stoichiometry and chamber exit blockage were investigated with 
data on recognised flame properties produced. The second investigation provided an 
insight into the interaction between a propagating premixed flame and recirculating 
vortex structures. The design of the second combustion chamber provided generation 
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of vortex structures with similarities to those formed in practical applications. 
Quantification of the flame/vortex interaction was completed with reference to the 
local flame displacement speed. The final investigation concentrated on a premixed 
flame interacting with solid rectangular obstacles located along the centreline of the 
first combustion chamber. The study furthered work already completed on the topic of 
premixed flame interaction with single obstacles, with improved diagnostics 
providing detailed data on flame properties such as local flame stretch . 
In two of the investigations a high speed laser sheet flow visualisation technique was 
developed that allowed the accurate capture of flow and flame structures within the 
combustion chamber. The high speed visualisation provided the basis for the 
extraction oftime coded flame front position and curvature data. A single camera PlY 
technique was utilised to provide information on mixture flow velocity field structures 
in the wake of the solid obstacles investigated. Further to this a new development of 
the PlY technique was introduced to provide capture of flow and flame at two 
instances on the same experimental run ajding the quantification of flame/flow 
interactions. 
The following sections provide detailed summari sation of the main findings of the 
three investigations 
7.1.2 Unrestricted Premixed Flame Propagation 
The initial study into unrestricted premixed flame propagation was performed to 
provide key data on flame behaviour within the combustion chamber, and investigate 
the effect of mixture composition and chamber exit blockage. A detailed visualisation 
study of the ignition kernal development from the spark ignition source together with 
the subsequent flame development throughout the remainder of the combustion 
chamber provided the following findings summarised below. 
1. On ignition of a stoichiometric mixture a luminous sphere was formed 
followed by the outward development of an ignition kernal, generating a 
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spherical flame front. Changes in the shape of the developing front were 
recorded, and found to be a direct result of the restrictions imposed by the 
combustion chamber walls. 
2. Variations in the ignition kernal front radius during development showed an 
approximately linear increase upto a maximum value of 47 mm. This 
maximum value was concluded to be a result of the imaging window of the 
HSLSFV technique from which data was extracted. Translational flame speed 
data also extracted from the images showed a small dip after ignition before an 
increase to a maximum of approximately 6.5 ms-1• 
3. Analysis of high speed recordings ofthe subsequent stoichiometric flame front 
development through the remainder of the combustion chamber showed the 
flame front propagated with a constant semi spherical shape of radius 65 mm. 
The development of the most downstream tip of the flame front increased with 
time after ignition. 
4. Comparison of flame initiation and propagation through lean and rich 
premixtures showed similarities with the stoichiometric case. Flame shapes 
remained constant, however arrival times of the most downstream tip of the 
flame differed. To propagate I 07 mm downstream the lean flame required 
60 ms, the rich flame 43 ms and the stoichiometric flame 29 ms, highlighting 
the stoichiometric flame was the quickest to initiate. However over the 
analysis window the maximum translational speeds of the rich and 
stoichiometric flame remained similar at approximately 18 ms-1, with the lean 
flame reaching maximum of 9 ms·1• 
5. Based on the measurement of the maximum translational flame speed, and 
theory presented in the literature [42] an estimate of the unstretched laminar 
flame speed was made to be 0.66 ms-1 for the stoichiometric mixture case. 
This compared reasonably well with data previous published stating SL = 0.45 
ms-1• 
6. Measurements of combustion chamber pressure were also completed. Results 
show two definite peaks, the first linked to the failure of the thin plastic 
membrane located on the chamber exit and the second to the further 
propagation of the flame. Comparison of pressure history's show variation 
between the three mixture concentrations. The initial peak for membrane 
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failure is reproduced, however the second peak differs with stoichiometry. The 
stoichiometric flame produces the largest peak. 
7. The effect of chamber exit blockage was also highlighted by the pressure 
histories. The second peak within the trace increased substantially with 
increasing blockage. No apparent difference in flame shape or flame position 
relative to ignition was seen with increased blockage. 
7. 1. 3 Premixed Flame/Vortex Interactions 
The study of flame/vortex interactions provided both detailed high resolution images 
and velocity field vector plots for the characterisation of vortex structures generated 
and the interaction between the flame and flow structures. Findings based on the 
investigation are summarised below. 
I . Formation of the flow structures within the blockage wake was found to be a 
combination of fluid impulse through the gap between obstac les induced by 
the movement of the flame, and vortex shedding from the obstacle edges. 
Varying the gap distance from 15 mm to 5 mm controlled the number of 
vortices produced, with the smaller orifice generating more flow structures. 
2. Variation in the chamber exit blockage resu lted in a marked effect on the flow 
and flame structures developed within the central region of the chamber. The 
introduction of a 50 % exit blockage stabilised the formation of vortex 
structures and propagation of the flame. The outer reg ions of the mixture were 
forced to flow inwards towards the central exit, restricting the movement of 
the central mixture flow and propagating flame. 
3. Typical ranges for normalised vortex size, d!bL of 1.6 to 2.3, and vortex 
strength, UISL of2.7 to 3.4 suggested the investigation concentrated on flame-
vortex interactions located within the wrinkling region of the flame-vortex 
regime diagram presented in the literature [67]. 
4. Utilising the newly developed twin camera PIV technique a separation time 
between image sets of 300 J..lS was achieved. This allowed the calcu lation of 
the flame displacement speed, Sd. For an example of flame/vortex interactions 
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normalised values of S~SL ranged from -I 0 to 10. The maximum normalised 
flame displacement speed was comparable to literature values of 5.5 [68]. 
5. A link between radius of curvature and normalised flame displacement speed 
was apparent for the example presented, with increased Sd in regions of 
negative curvature. 
6. For a typical flame/vortex interaction results for local flame stretch show 
positive values upto 9000 s·1 and a minimum of - 8000 s-1. Links between 
stretch, radius of curvature and displacement speed are apparent 
7.1.4 Premixed Flame/Obstacle Interactions 
The study of flame/obstacle interactions provided both accurate high speed capture 
and PIV image sets for the visualisation and quantification of the relationship between 
flame and flow structures in a practical configuration. Summarised findings from the 
investigation are given. 
I. Global stoichiometric flame propagation over l, 2 and 3 solid rectangular 
obstacles was captured using the HSLSFV technique. The interaction between 
flame and obstacle was accurately visualised providing an insight into the 
phenomena. A similar trend was seen for flame propagation past each obstacle 
involving the formation of turbulent structures, flame jetting and entrainment 
into the wake region. Increasing the number of obstacles in the path of the 
flame increased the apparent formation of turbulent structures in the wake of 
the later blockages, generating a more unstable turbulent flame. 
2. Data extracted from the high speed visualisation showed similarities in flame 
speed in the wake of each obstacle. Translational flame speeds were calculated 
to typically be 20 ms- 1 at obstacle l , 40 ms-1 at obstacle 2 and 80 ms-1 at 
obstacle 3. Determination of flame acceleration based on the translational 
speed showed the flame front accelerated past the obstacle, then slowed in the 
region around the wake before accelerating to an approximate constant. The 
decrease in acceleration in the region of the obstacle wake was assumed to be 
the result of the flame interacting with flow structures. The peak pressure 
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generation within the chamber also increased with increased number of 
obstacles present. 
3. Flow structures generated within the wake of each obstacle were found to be a 
direct result of vortex shedding from the upper corner of the blockage. Single 
camera PIV results showed the vortex recirculations convecting downstream, 
and curling towards the centreline of the combustion chamber. 
4. Utilising the twin camera PIV system developed within the thesis two image 
sets were captured, separated by 200 ).lS, on individual runs. Data taken from 
the twin camera technique on flame propagation within the wake of each 
obstacle was presented, and calculation of the flame displacement speed was 
achieved. Normalised values for Sd were in the range of 5 to 15 for a flame at 
obstacle 1, -35 to 50 at obstacle 2 and -40 to 50 at obstacle 3. Results at 
obstacle one show similarities to those published for both positive and 
negative di splacement speed [68, 11 5]. However results for obstacles 2 and 3 
are around 10 times those given in the literature. A correlation between SISL 
and rad ius of curvature was apparent for each flame. 
5. For a flame front propagating into the wake of obstacle one val ues of flame 
stretch were calculated to be in the range -2500 s· 1 to 3000 s-1• The values 
were based on tangential flow velocity and flame displacement speed around 
the flame front, and compared well to simulated data presented on the same 
geometry configuration [26]. 
6. The results obtained within this chapter have been utilised to validate and 
develop a mathematical model, which when predicting flame propagation 
within the same geometrical configuration estimated the position of the 
produced flame on the combustion regime diagram to be similar to that of an 
SI engine [26]. 
7.2 Suggestions For Further Work 
The current study provided data on flame interaction with simple vortex structures, 
and more complex flow environments generated in the wake of solid obstacles. 
Examples of flame characterising data, such as local flame displacement speed and 
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stretch was presented, however the work does highlight a general need for further 
studies. 
To further quantify flame propagation during interaction with vortex structures and 
solid obstacles it would be advantageous to continue the use of the twin camera PIV 
diagnostic system mapping different flame positions within the experimental 
geometries. The diagnostics would then allow the determination of flame 
displacement speed and stretch for various sized vortex/flame interactions and 
locations behind the so lid obstacles. A catalogue of basic parameters could be 
compiled that would aid validation and development of mathematical model s. Further 
analysis may also be performed that would allow the determination of parameters 
such as Markstein length and number. 
In order to stati stically define the reproduc ibili ty of flow fields and flame front 
geometry during both flame/vortex and flame/obstacle interactions a number of 
studies rep I icating the exact same initial conditions and measurement capture time 
could be completed. A study of such a scale would be time consuming, however, it 
could provide insight into the apparent turbulence level, based on an RMS calculation, 
that the flame sees during propagation. Repetitions of the study at various times 
relative to ignition would again provide valuable information for comparison of 
mathematical models. However consideration of the variability induced within the 
experimental technique wou ld have to be taken into account when computing 
turbu lence levels. 
To gain a more realistic insight into the turbulent flow structures the flame front 
witnesses during propagation, development of the twin camera particle tmage 
velocimetry technique could be utilised. The appl ication of two more PIV sets 
imaging a known displaced region within the chamber from the first imaged area 
would provide four pairs of images. This would allow the determination of the flow 
velocity field and flame position at four instances on the same expertmental run. 
Again calculation of flame displacement speed and stretch could be completed at each 
instance and compared to the change in curvature of the flame front. Development of 
the diagnostic technique would involve the addition of four more laser sheets aligned 
vertical within the chamber to the original four sheets of the TCPIV technique. In 
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order to achieve the short time separation between image sets, the newly introduced 
lasers would have to be tuned to allow the use of colour filtering on recording 
cameras. Simultaneous measurement of Laser Induced Fluorescence, LIF, would a lso 
allow the detailed imaging of relative OH concentrations within the propagating flame 
front. This would provide useful information on the structure of the reaction zone. 
Finally further increased close collaboration with mathematical modellers to provide 
data required to validate and developed existing codes that wo uld provide greater 
insight into recogn ised flame parameters difficult to measure experimentally. The 
testing of new geometries designated by both experLmenta list and modellers could 
again further improve knowledge of turbulent premixed combustion in practical 
applications 
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APPENDIX A 
MIXTURE PREPARATION 
Contained within this appendix are a series of plots for a chosen region within 
combustion chamber one, based on the velocity field captured during the preparation 
of the homogeneous stationary premixed charge. Utilising the Particle Image 
Velocimetry, PIV, technique discussed during chapter 3, 5, and 6, a series of PJV 
images sets were obtained at a capture rate of 15Hz throughout the settl ing period of 
the mixture preparation sequence. The aim of the work was to calculate a root mean 
square average of the velocity field to highlight the decay period of any turbulent 
structures generated in the charge during the introduction of the mixture, and to 
determine the optimum settling time. 
A discussion of turbulence and its calculation within a flow field was presented 
previously during chapter 2, section 2.2.1 of this thesis. The section introduced the 
turbulence intensity, u ', as the accepted parameter for the basic characterisation of 
turbu lence. Turbulence intensity was defined as the root mean square of velocity 
fluctuations from an average fluid motion velocity, divided by the time averaged 
velocity of the flow, as given by equation 2.2. Based on this, in order to determine the 
correct duration of time between closing the flow of fresh charge into the combustion 
chamber and initiating the flame propagation, a method of calculating a running 
averaged intensity factor was determined utilising the measured flow velocity within a 
predetermined region of the chamber. 
A single camera PIV diagnostic setup was employed, similar to that introduced in 
sections 3.5.3, and 5.3 .1, to capture flow velocities. In brief, the system operated 
using a single New Wave laser model Solo Ill, which produced two beams of 
wavelength 532 nm. The laser output was formed into a thin sheet of approximately 
I mm thickness and lOO mm height, introduced into combustion chamber one in a 
similar manner to that shown in figure 5.5 of this thesis. Laser power was set by the 
Q switch delay time, and for the purpose of this investigation was fixed equal to 
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130 J.IS. lmaging of the chosen region was completed using a single TSI PIVCam 
model 10-30 high resolution CCD camera, operating in conjunction with a 55 mm AF 
Micro Nikkor lens. The lens was set to an aperture of f/8, and together with the 
camera imaged an area of approximately 30 mm by 30 mm. A scale factor of 33 ~m 
per pixel was employed for the analysis utilising a FFT cross correlation algorithm 
within the TSI Insight software. 
Synchronisation of the camera and laser combination employed a timing box. 
generator, linked to the controlling PC, as shown in figure 5.4 of this thesis. The 
timing of the PIV system was based on that shown in the thesis figure 3.11. In the 
case of the studies presented in this appendix, the start of the capture was governed by 
a single external trigger input, with the software providing the required synchroniser 
TTL camera trigger dependent on the number of captures required. The external 
trigger input was taken from the signal generated to c lose the solenoid valves 
controlling mixture flow into and out of the chamber. 
The main section of this auxiliary study involved the capture of a large set of flow 
velocity field data over a period after the closure of the mixture supply to determine 
the decay duration of flow structures. Uti lising a time separation of 7 ms, the PIV 
system was able to collect data at a rate of 15Hz. The availability of memory and 
storage space on the controlling PC allowed the capture of 210 image sets. This 
corresponded to a total of 14 seconds of flow velocity data. Thus, in order to map a 
long duration after the closure of the solenoid valves three experimental runs were 
completed at times t = 0 ms, t = I 0 ms, and t == 20 ms, where t = 0 ms corresponds to 
the closure of the solenoid valves. This allowed a total recording time of 34 s after the 
mixture flow ceased, with 4 s overlapping between experimental runs to allow 
comparison of data. Analysis each of the captured sets was completed using a 64 pixel 
by 64 pixel interrogation region, which provided an actual region of approximately 
1.9 mm by 1.9 mm. Examples of the velocity field at each time interval are given in 
figures B !, 82 and 83. Comparison of the three figures highlights the increased 
uniformity in the flow structure and the apparent reduction in measured velocity . This 
provides an indication of the mixture flow field settling and turbulence level with in 
the chamber decaying. 
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To quantify the apparent decay in the turbulence level of the mixture a new analysis 
method was devised based on the definition of turbulence intensity, u ', discussed 
previously. Turbulence intensity was defined as RMS value of velocity fluctuations 
from an average flow velocity divided by the time-averaged velocity. However the 
preliminary nature of this investigation prevented the capture of large numbers of 
velocity fields required for accurate statistical determination at each time interval. 
Thus, an RMS was devised based on a running average from a single experimental 
run. 
After capture of the velocity field data, a grid size of n by n vectors was located 
around the centre of each plot. For each image, the velocity magnitude of each vector 
within then by n grid was calculated and stored to a data file. For the purpose of this 
study three grid sizes of 5 by 5, 9 by 9, and 15 by 15 vectors were employed. The next 
stage of the analysis involved calculating a running average of the flow velocity data 
for 5 adjacent vector field grids. For example, capture began at time t = 0 ms which 
was denoted velocity field one, VFl , with subsequent captures at t = 66.7 ms, 
t = 133.3 ms etc, labelled VF2, VF3 and so on. The calcu lation for VFl was thus 
based on data in VFI-5, and the calculation for VF2 based on data in VF2-6. To 
calculate the average velocity within each vector file, the total velocity magnitude of 
each grid was divided by the grid size. The running average was then determined 
from the sum total of the mean velocities from the grids, divided by the number grids, 
which in this study was 5. 
For data in VF I the calculated running average velocity was subtracted from each 
velocity magnitude within then by n grid . This, with reference to the calculation of u ', 
provided the velocity fluctuations, u- ii in equation 2.2. Following the definition 
provided in equation 2.2, the square of each measured velocity m in us running average 
velocity, ie. (u -uY, was calculated. To find the mean of the velocity fluctuations, 
the sum of (u - uY within the grid was determined, and the process was repeated for 
each captured velocity field within the running average group, VFl-5. The sum for 
each velocity field within the running average group was again summed, and divided 
by the number of vectors within all 5 running average velocity fields to calculate the 
mean term of the equation. Finally the square root of the previously calculated mean 
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term was completed to provide the RMS calculation of the first captured velocity 
field. The process was repeated for the subsequent velocity fields, utilising running 
average groups as detailed previously. 
Results obtained for calculation of the RMS term for velocity fields captured within 
the combustion chamber are given in figure B4 uti lising three grid sizes during 
analysis. Initial observation of the figure high lights the simi larity in the general trend 
of the ca lculated RMS velocity regardless of analysis grid size. Each variation shows 
osci llation in calculated RMS soon after the flow of fi·esh charge is stopped, with a 
decline to a minimum level by approx imately 15 seconds after mixture introduction 
apparent. Variation in tbe grid size produces average minimum results of around 
3.1 x I 0-4 ms-1 for a 5 by 5 grid, 7.5 x I 0-4 ms-1 for a 9 by 9 grid, and an increase to 
21.4 x 104 ms-1 for 15 by 15 grid. Overall the decline in velocity RMS to a negligible 
level in comparison to flow velocities seen with the initiation of a flame is clear. 
Thus, for the purpose of the studies presented in this thesis the application of a 
30 second settling period prior to mixture ignition is adequate for the dissipation of 
any flow structures that may adversely effect the data captured. 
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Figure B I Velocity vector field of methane/air mixture within the chosen region of 
the combustion chamber at t = 0 s 
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APPENDIXB 
VALIDATION OF MATHEMATICAL MODEL 
The fo llowing contains a brief outline and example of results obtained by a colleague 
from Loughborough University, Dr S.N.D.H. Patel, utilising a mathematical model 
simulating the exact same geometry to that presented in chapter 6 of this thesi s. The 
mathematical model developed by Dr Patel provided data on flame propagation over 
three solid rectangular obstacles, based on that experimentally tested in section 6.5.2. 
For the simulations, transient Favre-averaged equations were solved using recent 
developments of a flamelet model due to Patel and Ibrahim [I]. This model 
formulates the mean rate of reaction as a function of a transport equation for the 
tlamelet surface density (FSD) model. Both linear and non-linear eddy viscosity 
turbu lence models were used and investigated for the closure of the Reynolds stresses. 
Two forms of the eddy viscosity model, the standard [2] and the cubic non-linear 
eddy-viscosity turbulence model were employed [3]. More details of the model 
formation can be seen in literature [ 4,5], with the remainder of this section dedicated 
to the presentation of the role the experimental data performed. Validation and 
development uti lising results presented with in this thesis allowed the mathematical 
model to produce findings presented in the remainder of this appendix. 
Figure Al presents a comparison of global flame propagation between results 
obtained experimentally, presented in thi s thesis, and those of the mathematical 
model. The general features of flame propagation are well predicted by both model 
variations, with the flame approach to the first obstacle, jetting between obstacle and 
wall, reconnection behind the obstacles, and flame venting simulated. [n particular the 
two flat flames approaching each other behind the first obstacle were wel l predicted. 
However, the predictions show that the flame reconnection and venting behind the 
obstacles is not that well reproduced by the Flame surface density model with a linear 
eddy-viscosity turbulence model, FSD-L, shown in figure AI (b). Calculated results 
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using the Flame surface density model with a non-linear eddy viscosity turbulence 
model, FSD-NL, [3] showed improved flame structure 
Comparison of simulated resu lts to experimental for translational flame speed is 
presented in figure A2. The experimental data was taken from the positional analysis 
of HSLSFV image sequences, as presented in figure 6.21. Both mathematical 
solutions show close agreement with the experimenta l, the drop in flame speed 
between the obstacles and increased flame speed as it propagates past the obstacles 
were well reproduced . However, it can be seen that the drop in flame speed is more 
pronounced in the experimental data compared to the predictions. Thi s can be 
attributed to the transient characteristics of flame structure behind the obstacles, 
which depends on the turbulence and combustion sub-models. Figure A3 shows the 
comparisons between calculated and measured values for the generated overpressure. 
The trend in the variation with time of the pressure peaks produced by the predictions 
shows good agreement with the experimental observations. The impulse of the 
pressure history curve is well reproduced by the FSD-NL prediction compared with 
the FSO-L results. 
In A4 (a) calculation of the variation of the flamelet surface density, I, at different 
times relative to the start of ignition are presented for the FSD-NL prediction The 
contribution of the mean Ms, turbulent Ts, and curvature, Cs, flamelet stretching 
mechanisms at different times after ignition are also shown in figures A4 (b) 
through (d). The predictions show that the mean flamelet stretch dominates in the 
flow jetting regions, which can be explained by noting the existence of high velocity 
gradients within the unburnt mixture. Furthermore, the mean flamelet stretch peaks in 
the jetting region corresponding to obstacle three with values around 75000 m·'s-1• 
This can be due to the development of higher flow velocity ahead of the th ird obstacle 
before flame arrival. The turbulent flamelet stretch can be seen to dominate on the 
centreline of the combustion chamber compared to the mean flamelet stretch term. 
However, the maximum value of the Ts term occurs behind the first obstacle. The 
variation of the flamelet curvature stretch shown in figure A4 (d) highlights that the 
levels of flamelet curvature stretch imposed on the flamelet do not change 
significantly at the various stages of flame propagation. However, the influence 
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increases as the name propagates past the three obstacles, which can be due to the 
increasing turbulent flame brush thickness as a resu lt of averaging over the sign ificant 
variations of instantaneous flame let wrinkles 
Figure AS (a}, (b) and (c) present the reaction progress variable, calculated variation 
of Damkohler number, Do, and turbulent Reynolds number, RL at various times after 
ign ition to predict the regimes of combustion covered by the present work. lt can be 
seen that the values for Da are much greater than one, and for RL the value ranges 
between 25 and 2000. Since Da does not significantly vary relative to RL, the level of 
turbulence intensity, u·, increases in the direction of flame propagation. This 
complements the increasing values of the burning velocity ratio, ul uL, which was 
found to be approximately equal to 6 around obstacle one, 9 around obstacle two, and 
13 in the region of obstacle three. Detailed analysis of the calculated Da and RL values 
highlighted that the regimes of combustion covered in the present small scale 
combustion chamber are very similar to those found in spark ignition internal 
combustion engines, reported by Matthews et al. [6]. Thus, based on the mathematica l 
model predictions the premixed flame deOagration within the combustion chamber 
studied in the present thesis covers the wrinkled and corrugated flamelet regimes. 
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APPENDIXC 
STRATIFIED FLAME PROPAGATION 
During the investigation of homogeneous premixed combustion within the main 
section of this thesis, high speed capture of both simple laminar flame propagation, 
and turbulent flame interaction with solid obstacles was presented. As an interesting 
initial sortie into another practical application, the experimental setup of the main 
flame/obstacle investigation was modified to al low the generation of a stratified 
charge. The following text presents a brief overview of the equipment and preliminary 
high speed laser sheet flow visualisation, HSLSFV, sequences captured for stratified 
flame propagation over a solid obstacle. 
'Uti lising similar dimensions to those of combustion chamber one, a new stratified 
chamber incorporating a dividing plate approximately half way up the vertical axis 
was manufactured. Figure C I presents a schematic representation of the combustion 
chamber, with the dividing shutter highlighted for clarity. The chamber was mounted 
to the same size base plate as that used in the main investigations of this thesis, and 
had a square cross section 150 mm by 150 mm. Location ofthe spark ignition system 
and the mixture inlet was as for the previous investigations. The height of the 
combustion chamber differed, standing 410 mm above the base plate, with the 
mixture outlet located 180 mm from the base plate top surface. Three sides of the 
chamber were manufactured from clear polycarbonate to allow positioning of the 
laser sheet and capture of the flame propagation. The final rear side of the chamber 
was constructed from aluminium plates, wh ich allowed the introduction of the 
mixture containment mechanism, and the positioning of the obstacle blockages 
investigated. 
The mechanism designed to provide containment of the premixed charge upto the 
point of ignition consisted of a 150 mm by 250 mm sealing shutter, sealing backplate 
surround and a pneumatically functioning piston for rapid opening of the shutter. The 
shutter was manufactured from polycarbonate with a rubber seal to ensure no 
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prem ixed charge passed from the lower half to the upper half of the chamber prior to 
ignition. When in the closed position I 00 mm of the shutter protruded outwards from 
the rear of the chamber. The backplate surround was designed, incorporating sealing 
brushes to provide further containment of the premixed charge, but allow movement 
of the shutter. Movement of the shut1er was achieved using a pneumatic ram, 
connected via an offset pivot arm to ensure the speed of the shutter retraction was 
high enough that no interference with the mixture development occurred. Control of 
the pneumatic ram was provided by a solenoid va lve synchronised to fi re upon the 
start of the ignition system trigger. The movement of the shutter was captured 
utilising the HSLSFV setup, and was found to last approximately 1.2 ms 
For the investigation, geometrically different blockages where located within the 
combustion chamber. Based on the background of the studies presented in the main 
chapters of this thesis, the blockages were chosen to be solid obstacles position along 
the ccntrcline of the combustion chamber, as shown in figure Cl. For comparison 
with data presented in the literature on homogeneous mixture flame propagation, 
studies utilising circular, square and tr iangular cross section blockages were 
employed. Each obstacle was 40 mm in overall width, which provided a blockage 
ratio of 0.27 %. The obstacle centres were located 20 mm above the top face of the 
sealing shutter, and so 220 mm above the chamber base plate. 
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Figure I chematic diagram to shO\\ the stratified charge combustion chamber. 
Labels highlight key components of the design 
The 11 L FV system employed was sim ilar to that described during chapters 2, 4 
and 6, involving the use of an Oxford lasers copper vapour laser model L 20-50 
synchronised to a Kodak: Ektapro H Motion Analyser model 4540. The output of the 
copper vapour la er was formed into a thin laser heel approximately 300 mm in 
height and I mm thick. introduced verticall) into the combustion chamber using a 
combination of cylindrica1 and spherical lcn c . The imager of the Kodak motion 
analyser "vas operated with a micro ikkor I 05 mm lens set to an aperture of f/8. The 
positioning of the imager perpendicular to the laser light sheet pro ided a record ing 
area ofapproximately 75 mm by 120 mm. 
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Visualisation of the premixed charge was achieved by introducing micron-sized 
droplets of olive oil into the air prior to mixing. The seeding material, as discussed in 
chapter 3, scattered the light of the laser sheet highlighting the position of the unburnt 
mixture, but was consumed by the flame front allowing the definition of burnt gas. A 
stoichiometric mixture of methane and air was introduced into the lower half of the 
chamber as described in section 4.2. 1 of this thesis. For clarification of the stratified 
mixture, the air in the upper half of the cham ber remained unseeded so when 
visualised also appeared dark. Containment of the initia l unseeded air, and then upon 
ignition the stratified charge, was completed with the use of a thin plastic membrane. 
This technique was identical to that employed in all the studies presented within this 
thesis, with the membrane rupturing at a repeatable low pressure to allow safe 
venting. 
For the purpose of this appendix a sequence of HSLSFY captures depicting stratified 
flame propagation over a circular, square and rectangular obstacle are presented. 
Figure C2 provides a typical example of the premixed charge and flame development 
over a circular cross sectioned obstacle. The images located in the upper row of the 
figure provide a sequence to show development of the flow after the dividing shutter 
mechanism was opened. The fi rst image at t == 38 ms shows the premixture entering 
the recording window just above the shutter, with the stoichiometric seeded charge 
mixing with the air contained within the upper chamber. The intensity of the seeding 
is not as high as that seen in the homogeneous studies presented within this thesis and 
so suggests a weak, diluted mixture is present. Over the next 2 ms period the 
premixture propagates through the constrictions between cylindrical obstacle and 
chamber wall. The mixing interface between premixed charge and air becomes less 
uni form, with distortions in the premixture front visible. At t = 42 ms the mixture 
front has continued to propagate downstream. Jetting past the obstacle, and curling 
slightly into the wake region behind the obstacle in a similar manner to the flame 
front propagation seen within this thesis. The flame front has also entered the area of 
visualisation and appears to be forc ing the premixed charge downstream over the 
obstacle. The wrapping of the premixture into the wake region is simi lar to that of the 
flame front in the wake of a cylindrical obstacle visualised by Hargrave et al. [I] As 
the flame front continues to push the seeded premixed charge downstream the 
interface with the fresh air distorts further. Interestingly, regions within the seeded 
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charge show variation in scattered light intensity highlighting different areas of 
mixture concentration into which the flame is burning. Eventually at t = 46 ms the 
mixture field reconnects approximately along the centreline of the combustion 
chamber 
Concentrating on the lower set of extracted images presented within figure C2, the 
development of the flame front in the stratified charge can be seen. Overall the 
propagation of the flame compares well to studies presented within this thesis on 
flame propagation over solid obstac les and those presented by Hargrave et al. [l]. At 
t = 41 ms the flame front begins to interact with the blockage, resulting in a distortion 
of the flame front. The flame continues to propagate downstream, with the presence 
of the obstacle forc ing the front through the constrictions. Jetting into the wake region 
of the obstacle occurs at approximately t = 43 ms, though as seen at t = 45 ms no real 
distance is achieved, with the flame front curling into the obstacle wake. At t = 47 ms 
the speed of the flame's propagation has increased so that the amount of seeded 
premixed charge available in front of the flame for consumption has reduced. The 
flame propagates downstream and slowly inwards towards the chamber centreline, 
generating flame shapes different to those presented by Hargrave et a l. [1 ] for flame 
propagation over a cylindrical obstacle within a homogenous methane/air mixture. At 
t = 49 ms the flame front has passed out of the visualisation window, leaving a small 
amount of unburnt seeded mixture along the chamber centreline. 
The second set of experimental investigations concentrated on the introduction of a 
square cross sectioned blockage in the path of the propagating mixture and flame. 
Figure C3 presents a sequence of frames extracted from a typical HSLSFV recording 
within the chamber conta ining a solid square obstacle. In a similar manner to the first 
frame of the cylindrical blockage case presented in figure C2, on opening of the 
dividing shutter the seeded premixed methane and air begins to propagated 
downstream. At t = 36 ms the interface between premixed charge and fresh air is 
apparent, with a lean stratified mixture formed. The more pronounced constriction 
between obstacle side and chamber wall causes the premixture to propagate further 
downstream, with the mixture interface becoming increasingly distorted. The 
movement of the charge is again assumed to be driven by the motion of the ensuing 
flame front. At t = 40 ms the seeded premixed charge is forced past the obstacle, 
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jetting and curling into the large wake region behind the blockage. The sharp corners 
of the obstacle are believed to be the reason for the pronounced jetting ofthe mixture. 
Comparison to the mixture flow around the cylindrica l obstacle shows a number of 
differences, with intensity and downstream position. The closeness of the flame front 
to the mixing interface is also apparent in thi s configuration. 
Propagation of the flame front matches that of the premixed t1ow. At t = 39 ms the 
flame approaches the lower face of the obstacle and begins to distort. Over the next 
millisecond the flame front interacts with the blockage, propagates through the space 
between obstacle and containing wall and j ets downstream curling into the wake 
region. Curling of the flame front occurs as it interacts with flow recirculations 
assumed to be formed as the premixed charge passed the sharp corners of the 
obstacle. Similar to findings within this thesis and previous investigations the flame 
front then continues to propagate downstream as two approximately laminar flame 
fronts. Unlike the stratified cylindrical obstacle propagation discussed earlier the 
distance between flame front and mixing interface ofpremixed charge and air remains 
constant. 
The final configuration tested invo lved the location of a solid triangular cross 
sectioned obstacle within the combustion chamber. Figure C4 presents extracted 
images from a HSLSFV recording to depict the propagation of the seeded prem ixed 
charge and the subsequent developing flame front. The premixture development on 
opening of the dividing shutter shows initial similarities to the two examples 
previously discussed. The interface between charge and fresh air interacts with the 
blockage generating distortions in the most downstream front. The movement of the 
premixture is aided by the ensuing flame front propagation resulting in the mixture 
passing through constrictions between obstacle and chamber. However, at t == 42 ms 
differences in the premixed charge jetting and development into the obstacle wake 
region occur. More definitive flow recircu!ations generated as flow structures are shed 
from the sharp corner of the obstacles are formed as the seeded premixture propagates 
downstream. Over the next few milliseconds the rotation of the premixed charge as it 
interacts with the fresh air continues, producing spiral traces in the obstacle wake. The 
most downstream region of the mixing interface continues to propagate. 
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Imaging of the flame propagation over the triangular obstacle and into the stratified 
charge is presented in the lower image set of figure C4. Again the development of the 
flame during the early stages of propagation is s imilar to the cases presented 
previously. At t == 42 ms the flame front jets sharply past the blockage, forming a 
sharp point within the seeded premixed charge. The flame front them follows the 
distinct recirculation of the seeded mixture within the obstacle wake. Little 
propagation downstream occurs as the flame burns around, and back towards itself. 
Interestingly a s light off shoot from the main flame front can be seen towards the 
centre of the image at t = 44 ms, with a small section of the flame front beginning to 
propagate in a different direction downstream. At t = 46 ms the mixture within the 
obstacle wake has been consumed, and the flame continues to propagate downstream 
in a more normal fashion. The consumption of seeded premixture is more apparent 
with propagation over a triangular sectioned obstacle as the distance between flame 
front and mixture interface is small. 
The brief overview of an auxiliary investigation into flame propagation through 
stratified mixtures provides some interesting results. The similarities in both mixture 
flow and flame propagation in the presence of a solid obstacle within a stratified 
charge have a re levance to accidental release of flammable mixtures within plant 
environments. The difference in flame propagation characteristics between 
cylindrical, square and triangular cross sectioned obstacles was apparent, with the 
consumption of mixture greater in the triang ula r case. This can be attributed to the 
flow structures, and degree of recirculations produced by the sharp edges of the 
blockages. 
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t = 38 ms t = 40 rns t = 42 111S t = 44 ms l = 46 ms 
t = 41 rns t = 43 ms t = 45 ms t = 47 ms t = 49 ms 
Figure C2 equence of HSLSFV frames depicting mixture flow and subsequent name de elopment over a cylindrical obstacle in a stratified 
charge en ironment. First five frames present mixture development into un-sceded air, next five provide isuaJisation of name propagation into 
stratified charge 
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t = 36 ms t = 38 ms t :::: 40 ms t = 42 ms t = 44 ms 
t = 38 ms t = 40 ms t = 42 ms t :::: 44 ms 
Figure 3 , equence of HSLSFV frames depicting mixture flow and subsequent flame development over a square ob tacle in a stratified charge 
en ironment. First five frames present mixture development into un-seeded air. next four pro ide isualisation of flame propagation into 
stratified charge 
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t = 38 ms t = 40 ms t = 42 ms t = 44 ms t = 46 ms 
t = 40 rns t = 42 ms t= 44 ms t = 46 ms t = 48 ms 
Figure C4 equence ofHSL FV frames depicting mixture flow and subsequent flame development over a triangular obstacle in a stratified 
charge environment. First five frame prc ent mixture development into un-seeded air. next five provide visuali ation of flame propagation into 
stratified charge 
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